AD-761 120

IN-FLIGHT SIMULATION OF MINIMUM LONGITUDINAL
STABILITY FOR LARGE DELTA-WING TRANSPORTS IN
LANDING APPROACH AMD TOUCHDOWN

VoL, 1

TECHNICAL RESULTS

CaLspan Core,

" PREPARED FGR

AIR ForcE FLIGHT DynaMics LABORATORY

FEBRUARY41973'

National Yechnical Information Service
U S l}E_PART!&EHT OF CUEBERGE

(-




e eport o, FAARDT343 T T s

IN-FLIGHT SIMULATION OF #INIMUM LONGITUDINAL
STABILITY FOR LARGE DELTA-WING TRANSPORTS
IN LAMOING APPROAOH AND TOUCHDOWN

. ""'

-
a\
yrond
-
s O
fo
(o
<

VOLUME | TECHNICAL RESULTS

A - et ! |
| : h JUN 12 1973 JJ
S | Febreary 1973

el ‘ 13 .
FINAL REPORT |
Document is available to the public through the

National Technicel Infarmation Service,
Sprimheld Virginia 22154

“JATIONAL TECHNICAL

': NFORMAT?ON SERVICE
BEPARTMENT OF TRANSPORTATION

- FEDERAL AVIATION ADMINISTRATION
: Systams Research & Revelopment Service
Wachington, 0.6, 20581

T T T T L e




P
1 , White Szchion

1T
e putf Scotlen 0
a
1

s B
! "L‘.S’.Tnl')‘&‘(l";:'\ {\\MLA:.(U\Y 8 >
paalL A ur_s_l-:EiAL

Liat
\

This report was prepared by Calspan Corporation for the Systems
Research and Development Service, Federal Aviation Administration,
under AF Contract AFFDL F33615-72-C-1385. The contents of this
report reflect the views of the contractor, which is resp~asihle

for the accuracy of the data presented herein, and do not necessarily
reflect the views of the FAA. This report does not constitute a
standerd, specification or regulation, :

T
i SO,



" TECHNICAL REPbRT STANDARD TiTLE PAGE . =

1. Resport No.

FAA-RD-73-43

2, Government Accession No.

3.. Recipient’s Catalog Ne.

4. Tivle and Subtitle

5, chcpau Date

In-Flight Simulation of Minimum Longitudinal Stabil:tr February 1973
for Large Delta-Wing Transports in Landing Approach - [6. Paforming Organization Code
and Touchdown.Volume I.Technical Results

33, Performing Drganization Report No,

7. Author(s)
TR 5084-F-1(AFPDL-72-143

Richard Wasserman and Jchn F. Mitchell 1 Voi. 1
9. Performing Orgenization Nome ond Address .- ' 10. Work Un:t Ne.
Calspan Corporation 181.-524-047

P.0. BOX 235 ‘ . Co .| 11, Contract or Grant 5.
Buffalo, New York 14221 ‘ : DOT FA 72WAI-143

13. Type of Report and Period .Ccverod )

12. Sponsaring Agency Nome ond Address
Department of Transportation

Federal Aviation Administration Final Report

14, Sponsoring Agency Sade

Systems Research and Development Service
Washington, D.C. 20591

15. Supplementary Notes The work reported herein was perforied under the sponsorihlp
of the Federal Aviation Administration and the administrative direction of the
Air Force Flight Dynamics Laboratory, Contract F33615-72-C-1386, Project 920K.

~ An in-flight simulation to investigate minimum longitudinal stability for large deltaawing

—

16. Abstract

teansports in landing approach and touchdown (including ground effect) was conducted using
the USAF/Calspan Total In-Plight Simulator ( TIPFS)airplane. Aerodynamic, inertial and
control data for this class of airpiane were abtained froim a prototype Concorde package
-supplied by the FAA. The simulation program 1nv01vcd the examination of 20 configurations
by four evaluation pilets., The configurations evaluated werc based-upon a systematic variation
of the langitudinal stability charactexistics for this class of airplane., These variations
were dosigned to examine the influcnce of pitch s¢iffness, backsideness, pitch damping and
nonlinear pitching moment effects on pilot acceptability of minimum longitudinal stability for
ihe landing approach task, A total of 61 evaluations wes perfarmed. In. poneral, the most .
demanding tash appeared to be lopgitudinal control in flave and touchdewn due to the sluggish
nature of the attitude responsc avd the strong nose-down pitching:-metion intyaduced by the
simulated ground effect. The vesults indicate that ‘the level of tuvbnlence un\ountcrcd ir the
approach wifl significantly affect the minimum lougitudinal stability acceptable for the task,
Specifically, the minimum aceeptable boundavy (based on a. Cnupox-N41pv1 pilet rating of 6,5)
Cdetermined o this investigation accurved at a value of time ta double amplitude (computed from
 the unstuble dporiodic root of the longitudinal charactervistic equation £12)) equai to 2.5
seconds in Yight turbulonee and ot 4,25 socomds an modarate turbulonce, These resuits could e
¥iknifl(d“tly intluenced by ground offoct charactovistics, pitch uontrok acnsittwlty. pxlut
training, rostricied viaddility and night langings.

This vepore, Velume 1 of two pares s hoing puhltshod by the FAA Systems Research and HR\e\urment
Seyvice to holp expedite distrvibution snd availability to these interssted in the veswivs,. Ay
indicated in the FOREWORD, the Volume TF may be obtained from the Air Force rligut Dgnanias
“Laboratory (FGF), hrighz*Pattexsan Air Vorce Base, Ohio AR43S. ‘

Stativ Instability, Flare Out - -

1 Landing Approauh,bround Effect, Tuuuhdown hrough the National reyhngral,lus@zma&ian.'

“fLongitudinal Characteristics ‘
Total In=Flight Simulatoy (TIFS)

V7 Kew Words Handiing Quotitios 0, Diakibution Statsment -
Document is available 16 the nub!tc

Service, Springfield, Virginia 22181,

Large Belta-Wing Transport Aiwplane

19, Secuity Claaeils (o? Vais capat) B, Seciiy Caanils o a...,.,.. : 30T s Gagen | 23, Poce

Unclassified Unelagsified - . . it

" Fowm DOT F 1700.7 ts-em)

JE L P P R F
e . L, - 2 o . !
- llle M e

Sy

gy




TOTAL IN-FLIGHT SIMULATOR (TIFS)




&
4

'FOREWORD

This final technical report was prepared by Calspan Corporation (for-
merly Cornell Aeronautical Laboratory, Inc.), Buffalo, New York, under Contract
"F33615-72-C-1386, Project No. 920K, ""Flight Research Program for Large Aircraft.'
The work was performed under the sponsorship of the Federal Aviation Adminis-
tration (FAA), and was administrated under the directimm of tne Air Force Flight
Dynamics Laboratory, Air Force Systems Command, Wrig ‘terson Air Force Base,
Ohio. Mr. Jerome Teplitz (RD-741) was Project Manager .ur the FAA, and
Mr. James R. Prumer (AFFDL/FGC) was the Project Engineer for the Air Force.

The work reported herein was performed by the Flight Research Department
of Calspan. Dr. P.A. Reynolds was Program Manager, Mr. G.J. Fabian was
Assistant Program Manager, Mr. R. Wassoyrman was the Project Engineer, and Mr.

- J.F. Mitchell served as Assistant Project Engineer and Safety Pilot. Acknowl-

edgement is given to the evaluation pilots on this program: Mr. R.P.Harper, Jr.
of Calspan, Lt/Col. T.D. Benefield, USAF (currently assigned to the FAA),

Mr. F.J. Drinkwater, II1 of NASA/AMES, and Mr. D, Tuck, FAA. The efforts of

Mr. R. Abrams (FAA), who assisted in the performance of the evaluation phase

of the program, are also appreciated, :

The successful completion of this investigation was largely due to the
excellent performance of the TIFS flight and ground crew who are especially
acknowledged here. Safety Pilots: Nello Infanti, Franklin Eckhart, Edward
Boothe: Electronic Engineers: Arno Schelhorn, James Dittenhauser, Ronald
Huber; Electronic Technicians: David Begier, Fred Juliano; Crew Chiefs:
Raymond Miller and David Kostrubanic; Computer Programming: Clarence Mesiah.

This report was submitted by the authorc in December 1972. Tt is being
published simultaneously as Calspan Report No, AK-5084-F-1. The report is in.
two volumes: Volume I. contains the technical results of the experiment, and
Volume II presents specific background information on the oxperiment and the

" complete pilot comments. Volume II may be obtained on request {rom Air Force
Flight Dynamics Laboratory (FGF), Wright-Patterson Air force Base, Ohio 45433.

This technical report has been reviewed and approved.

C.B. WESTBROOK
_Chief, Control Criteria Branch
Flight Control Division

Air Force Flight Dynamics Laboratoyy

iv




TABLE OF CONTENTS

Section . Page

I INTRODUCI‘IONQ *« e T e ¢4 B 8 & 8 8 & ¢ 2 e LI ] . e s e 9 1
' II TECHNICAL DISCUSSION. . . « . v v v v v v viv v v v v v o s 3
' ' 2,1 Purpose of the Experiment. . « « « + + v o . v . .. 3
e - 2.2 Description of the Configurations Evaluated. . . . . 3
2.3 Time to Double Amplitude . . . . v v + v v o o v v 7

A _ . 2.4 Short Term Attitude Response . . . « 4+ + . « + o4 7

2.5  Influence of Speed Instability (Backsidedness) . .. 13
2.6 Influence of Ground Effect . . . ... ....... W4
2,7 Landing Approach Trajectory Analysis . . . . . . .. 14

III  DESCRIPTION OF EXPERIMENT + + v v v o o v v e v v oo w . 15
' 3.1 EQUIPMENt. & v v v v v v b b e e PEFERPE. ¢
3.2 Evaluations . . . . v . o . v v v i v oo e 19

3.2.1 Mission Definition. . . . . . v . v oo 19
3.2.2 Evaluation Procedure, . . « . « ¢ v ¢ v « « 20

3.2.3 Evaluation Tasks. . . « . v v v ¢ v v v v 0o 21

3.2.4 Pilots. o v v v v v v v v e e e e e e e e 22
. [ /3.2.5 Pilot Comment. and Rating Data . o . . . . ', 23
| - 3.2,6 Model Validation Procedure. . . . . . . . c.oo27
3.3 . Data Acquisition Equipment . . . . . . . . .. Cae 2%

N . - ' IV DISCUSSION OF RESULTS OF THE IN-FLIGHT INVESTIGATION. . .'.; 28
- » 4.1 Pilot Ratings and Pilot Comments v.. . « v v o v o0 - 29
4.2 " Touchdown Performance Data « « v v v + o o s o « & s >'$i

4.3.1 Pilot Rating Data as a Function of Shoit
~ Texm Equivalent Pitch Attitude Time
Comstant, + « v ¢ v v v 0 v v v v v v s 3

4.3.2 Influence of Turbulence on Pilot Ratimgs. . . 39

4,3.3 Examination of the Effccts of the Stability .
Dexivative Variations on the Compensated
pilot Ratin'f’s € % 8 8 8 & S ¥ & b 8 2 a % & ‘1‘4

4.3  Examination of Pilot Rating Data . . « « . 4 4 4 . }:,uSQ'E>=;'




m—— — - v T T 7 7 h B
TABLE OF CONTENTS (cont.)
- Section |

| Page

4.4  Pilot Rating Correlation with the Time to Double
Amplitude Determined from the Longitudinal
Unstable Characteristic Root Location. . . . . . .. 49

4.4.1 Pilot Rating Correlation with the Time to
Double Amplitude Measured from Angle of ,
Attack Time History to Elevator Imput . . . . 54

4,5 Summary of Pilot Comments. . « ¢« « « ¢« + o« « ¢« + « » 54

v SUMMARY AND CONCLUSTONS + + « « o v o 4 o v o v o

.. 66
APPENDIX I CONFIGURATIONS & & v o v o v o o v v v e v v e s 69
_APPENDIX II  REVIEW OF CLASSICAL STABILITY CONCEPTS . . . . . .. 80
CAPPENDIX III - TYPICAL MODEL-FOLLOWING IN-FLIGHT RESPONSES

| AND FEEDFORWARD AND FEEDBACK GAINS . + + o » o + . . 102
REFERENCES « + » » + o e % v e v e e e e e eme e e e

vi

114




Figure

~3

w0

o
11
12
13

-,N
: ;ls,v
16
17

18

LIST OF ILLUSTRATIONS

Effects of Variations in Crmy s Cog s a0d (Cmy + Comy,)

on Time to Double Amplitude (7, ) (Out of Grghnd Effect).

Time to Double Amplitude (Angle of Attack Time History

Compared to Characteristic Root Location) . . . . . . ..

Equivalent Pitch Attitude Time Constant . . . . . . . . .

Comparison uvf Short Term Attitude Stability with

Angle of Attack Stability . . . . . . T

Short Period Modal Parameters In and Cut of

Cround Effect . & v v o v ¢ v v v ¢ 0 vt e e v e e
i Layout of Total In-Fligat Simulator (TIFS), .-. e e
bbdelai’ollowingvhlotion Simulation + » .+ « . . e e
~ Instrument. Panel in TIFS Simulation Cockp:.t; S e ate e e

aetcrmnauon of Tvu‘..i;sl@.n &e;ght C e e e e e e

Cooper-darper Handling Qualities Rating Scale . . . .

. Turbulence Effect Rating Scalec « v « v o v v v v v 0y

Bxample of Possible “Leaming Curve" Phenomenon . .« .+ .

; Touchdown Parameters Ar.hieved by All P;lacs for
All(,onfmumuons N

Touchdown Paramtem Achieved by Individual Pilm‘;s

. fOT Axl mﬂfigu:a‘iﬂrﬁ. L] 3 » % A L ) LI ] 1.7

Piot Rating vs. bquivalent Shovt Term Attitude Tiwe
: cmﬁtant (Pi}mt A)n"u s 4 v s * u»nin' & o« 3 B 3 & %

- Pilot Rating vs. Lquuatent Short Term Attitude Time

ﬁeﬂstaf‘t (ellota)ii'ibiy’vo.iui;'sl!‘o

- - Pilot Rating vs. Equivaient Shora Term Attitude Tuae
, Lcnstant(rziott})a....“...\.,...,...

- Influence of Turbulence on Pilot Rating ... . .+« . .

vii

Page




LIST OF ILLUSTRATIONS (cont.)

Page
Comjensated Pilot Rating vs. Equivalent Attitude Time |
Cor.stant (’Vemx = 3.0 Feet per Second). . . . . . v s o . . 47

20 Compensated Pilot Rating vs. Equivalent Attitude Time
' Constant (o = ).5 Feet per rond). + « . o .00 ... 48
. 9 MAs
221 Compensated Pilot Rating vs. Time to Double Amplitude
(Unstable Root Location) ("Vsmx = 3.0 Feet/Second). . . , . 51
22 Compensated Pilot Rating vs. Time to Double Amplitude
(Unstable Root Location) (& 9 p’ = 1.5 Feet/Second). . . . . 52
: - . : MAX ]
23 Comparison of Mean Pilot Rating With Data in Referemce 13 . . 53
I-1 Digital Responses to a One Degree Step Elevatur Input in

theNOSG"upDiI‘QC'ﬁi‘Jn.-.. e o !llocrt..-o-OOQC 76

I-2 - Digital Responses to a One Degree Step Elevator Input in
thBNOSe“UpDimCtiOn_...-.-.......s.....- 77

1-3 Digital Responses to a One Degree Step Elevator Imput in
the N.Qsa.up Direction .. L ] - L] L] . L ] L] L[] L] ’ » - . . . L] . » . L] 78

I-4 Digital Responses to é One Degree Step Elevator'input in _
the NOSQ'UpDireC".iOn -l " e 4 & ¥ & ¥ 8 4 & % @ & s g & = l‘i 79

-l Effect -of gmﬁ'on short Term Pitch Response « . . « . . o . . 87
1I-2 Effect of ¢ and (,6"&'40,,.2) on Short Texrm Pitch Response. . &8
13- Effect of Nonlinear G, o0 Short Term Pitch Response. . . . . 89

i34 tquivalent Ateitude Time Coustant (Effects of £ ,
. ep&variatim}o s & 8 8 3 s ) . « & ¥ % % 8 8 4 ® 3 91

11=5 - Equivalent Attitude Time Constant (Effects of (Orey* Oy )
e,,&l‘{annnenrity‘, O I TN B I R A P SRR < B

1-6 Elevater t.é Trim Incremental Load Factor ’ '
{Basexine&i"gﬁq)u . & @ 6'.I « # s S = @ ..5 n & B & @ .> 97

1i-7 - Elevator to Vrie Incremental Load Factor :
' . {:ncmased e - * d‘ ) ‘b " 8 8 & 4 e e ¥ e B ¢ B * b @ r e & = 98
. S (~ 3 , .- . A )

© owviii




Figgre‘

-1

»_

O CRI

1114

1115

I1I-6

LIST OF ILLUSTRATIONS (cont.)

Model-Following Responses to Majual Elevatoy Doublet,
Configuration 6, Flight 182 . ., . . « . ¢ ¢ v ¢« 4 s « &

Model-Following Responses to an Automstic Throttle Step

Inpui, Configuration 6, Flight 182, . . . . . . . . ..

Model-Foilowing Responses to an Automatic Aileron Step
Inout, Configuration 6, Flignt 182. . . . . . .. . ..

Model-Following Responses to an Automatic Pudder Step

Input, Configuration 6, Flight 182, . ., . . . ., + . .

Model-Following Responses to a Manual Rudder Doublet
Iaput, Configuration §, Flight 182. . . . ¢« . . ¢ . v

Model Following During IFR Approach and VFR Landing
(Altitude ~ 2000 ft to Touchdown, Flight 182,

Configuration 6 ) pilot B) ce . [ ] L] . * L] . . L V . L] L] - . -

ix

103
104
105
106

107

108

R e e S T SO PR

'Page '




- Tabla
It

111
v
VI

VII
I-1

-11
-1
’x-xy
-V
113

TN1S
1531

CLg-iv
18i-1

1HE-11

BIE 843
1i1-1v

LIST OF TABLES

Comparison of Short Period Approximation Ruots With
Conmplete Characteristic Equation Roots fCut of Grownd

EfteCt).........»on-..-.....

Pilot Commeni Card. » . v v 0 o 0 o . .‘, S
Summary of Pilot Ratings. . . . .. . . . o

Pilot Rating as a Function of Short Terr ¥ . .

Compensated Pilot Rating vs. Time t

.

- Matrix of Evaluation Configurations . . . . . . . . .

Control Gearings and Feel‘System Characterisiics. . .

e R A«

+ A a2 e

valent

* s+ 3 e v =

‘ouble Amplitude

longitudinal Stability Derivatives and Censtants. . .

- longitudinal Dimensional Derivatives (Stability Axes)

Out Of ’ G:‘ound Effect . . a . lv - - Ld . LI Q" - L] L} - a LY L3

- Lateral-Divectional Dimensional Derivatives (Body Axes)

Out of Ground Effect, . . . . ¢ v v o0 o0 0L

Lungitudinal Dimsnsional Derivatives {Stability Axes)

longitudinal Transfer Function Factors tovr the Evaluation

Configurations 3, 4 and § in Ground Effect. . . . .

.

Configurations Qut of thund Bffoct «» . v v v v 0 v o

T, ~ Seconds (Nonlinear Equativas of Motion}.

Equivalent Attitude Tise Constants. .
Flight Path Stability » DegrvefKnot .
mgmﬁ@;_ Feedforward Gains. . ¢ .

'ngitmiiﬂaz Feedback Gaies . . . . .

“.

Latorai«Divectional fPeedfigrwars Gains .

Laterai-Divectional Feedback Gains. . .

*

-

oo Time t» Double Asplitude (¥, ) Seconds Frow Linearis
',LQhatI.OﬁSJf&)Eiﬁn....eag-a.s..w.-‘

-

o

.

Pags

40
50
70

=3
oA

e
&




(]

#

L]

8

LIST OF SYMBOLS

Reference span of wing, feet

: Value of the closed-loop bandwidth which the pilot is try:.ng

to achieve in precision tracking tasks, rad/sec
Mean aerodynamic chord, feet

Drag coefficient = D/3S

5Cy/5a , vad”!

88, /35,

Lift coefficient = /../9‘5

Lift ecoefficient ut zero angle of attack

2¢, [ rad™*

“soLfplat)  rast

aa,/28, rad™

9(1‘,/8 (—?Vl—) , Y& i
Llges
Pitching moment coefficient = M/é 25

Pitching moment coefficient at zero anzle of attack

Coefficients of power series expansion of &, as
a function of @

"L/, rad”}

36’,,,/9(-‘2_‘/4) , rad™!

J&',,,/(Vf) , rad !

80, [oV 1 (£t/s6c) ™
N[g4s
8¢, /54 , rad”}




- g—— - — ——-
LIST OF SYMBOLS (cont.)
[ = 49” /38 rad™!
”jﬂ “n ¢ ? "
) ax = - CD = - Dé: S
d = Height of mean aerodynan;ic chord/semi-span
D = Drag, positive along negative % wind axis, 1b
dB = Decibel units for Bode amplitude, where amplitude
in dB = 20 log,, (amplitude)
E = (Constant term of longitudinal characteristic equation
Fd) = Normalized 1ift ground effect function
F,(d) = Normalized pitching moment ground effect function
Faw = Adleron wheel force, 1lb
Fes = Elevator wheel force, positive aft, 1b
Fop = Rudder pedal force, 1lb
Fs = Elevator stick force, positive aft, 1lb
F,,a./—; ,Fg = Component of aerodynamic and thrust forces aleng
¢ 70 the %, ¢y , 4 body axes, respectively, lb
9 e Gravitational constant, 32,17 ft/secz
- h = Absglute ‘altitude ofiairplane CiBey féet.
lzf, = Commanded change in airplane altitude at the
e pilot station, feet
h /3, = Open-loop altitude transfer 'functmn of atrplana at pxlot
ple
station, ft/deg oy ft/rad
»/)pﬂ. = (h,,._, -h ) Erver between the commanded altitude and the
¢ anplane altituae at the pilot station, feet
tw = (e, e, ), Incidence angle hetvween bedy axis of the model
"~ and that axis systeom parallel to the TIFS body axis, degreces
tp ~= Incldence angle of engine thrust line with respect to  body
© axis in the x- 5 pl:uw (posu.w Fa: thrust vectoy pointed
upwards), deg ‘ :
Ly Zgyr £33 = Momeats of incrtia aboyt the %, y % hoziy azxes, .
' respoctively, slug-te“e _
xii




e
o

Product of inertia about the z ; body axes, 5117~ft

 Induced drag coefficient

Steady-state pilot gain, lb/deg cr 1t /'rad
Porward loop lead compensator for altitude clasure

Reference length of simulated airplane, feet

->Li£t, positive along negutiveq wind axis, 1b

Distance along the fuselage reference line between the c.g.

_and the pilot's station, positive for c.g. =it of the pllot

station, feet

Moment vector components about the %, gy , % budy axis,

respectively, ft- 1b

! M

.Iq_« T2 rad_/sec /rad .

Mass of airplane, slugs

Noxmal lead €actor, g_units-

" Lateral, normal acceleration respectively, g units

Roll, pitch, and yow rates, vespectively, deg/sec

Inertial angulay velm,ity components about the %, ¢ , ' G
body axes, respectlveiy, degrees/second. .

‘ Dynamic pressure © £ p v‘. 1b/ft -'

Laplace operator, sec -1

a
keference area of wing, (feet)”

Total model. thrust, 1b

“Time to double amplitude computed from the unstable

aperiodic root of the h.neam..ed long.tudmal ;hmacteru.tx\. ‘
aquauon. seconds ' :

e

'LIST OF SYMBOLS (cont.)- -~ il .



1]

LIST OF SYMBOLS (cont.)

Time to half amplitude calculated from short period -
approximation of attitude, seconds

‘Time to double amplitude calculated from short period
approxlmatxon of attitude, seconds

Time to double amplitude measured from angle of attack
response to elevator, seconds

Time to half amplxtude of equxvalent\short term attitude
response to elevator, seconds

1ime to double amplitude of equivalent short term attitude
response to elevator, seconds

Inertial velocity components along the %, 4 4% body axes,
respectively, feet/second )

True airspeed of the airplane center of gravity,_ft/sec

-Inertial airspeed of the airplane in earth surface axes,

feet/second

‘Airplane weight, lb

’ Body'axes,'y-g.plane is in the plane of symmatry of the
‘airplane wicih u directed forward parallel to the fuselage
~reference line, 4 directed downward. and ¢ divected out

the right wing
Touchdown-distance from runway: threshold, feet

Side foxce, positive along positive y wind axis, 1b

Thrust pitching moment arm component (posmtxve afong + 3.f
“body axis measured velative to the c.g.), ft .

First devivative with respect to sima. sac'1

Second dexivative with respect to time

.otal angla of attack with respect to txue azrapced
rad or deg ,

Inertial angle of attack referencod to imertial vclou;ty
vector, degrees -

Open-loop angle-of-attack transfer function of the aizplane




n

]

LIST OF SYMBOLS (cont.)

Total angle of 51de511p with respect to true airspeed
rad or deg

Inertial angle of ‘sideslip referenced to inertial velocity
vector, degrees

Flight path angle, deg
Flight path stability parameter, deg/knot

Equivalent aileron surface deflectiom, p051t1ve right T.E.
down, deg or rad .

Equivalent elevator surface deflection, positive T.E. down,
deg or rad

Op=n-loop transfer function of elevator surface to e1evator
stick force, deg/lb or rad/lb

Equivalent rudder surface dsflection, positive T.E. left,
deg or rad

Throttle lever position, deg

Slope of Bode amplitude with phase for the airplane plus
pilot time delay at reference frequency, dB/deg

Damping ratio of feel'system

" Danping rat.o of the longitudinal short period mode

Pitch angle, deg or rad

-Phase angle of the=airp?ane plus pilot time delay at
tvhe reference frequency. deg

Commanded change in airplane pitch attitude, deg or rad

(6.-8) , Error between the commanded pitch attitude and

the airplane pltch attitude, deg or rad
Open-loop pitch transfer function of alrplane

Open-loop pitch treasfer function of alrplane plus control
system plus pilot

Aperiodic root magpitude. sec™>

XV




LIST OF SYMBOLS (cont.)

Air density, slugs/ft3
Mean square gust intensity

Maximum value of total velocity mean square gust intensity,
ft/sec ' ’ '

Time constant of pilot's lead element, sec

Time constant of'pilot's lag element, sec

Bank angle, deg or rad

Yaw angle, deg or rad

Reference frequency, rad/sec

Undamped natural frequency of feel system, rad/sec

Undamped natural frequency of the longitudinal short
pericd mode, rad/sec

xvi



IGE

=

(7 -

.SUBSCRIPTS

Aerodynamic
Body axis
Crosswind

Gust

‘Ground effect

Inertial

in ground effect

Model body axis

Axis system in the ﬁodel parallel to the TIFS body axis
Nonequilibrium |

Initial condition

Qut of ground effect

Pilot's location

Stability axis

Trim

Thrust

At the TIPS conter of gravity

- —

o anadd




SECTION I
INTRODUCTION

This report presents the results of an in-flight simulation program
to generate data on the minimum acceptable longitudinal stability of large
delta-wing transports in the landing approach flight phase. . ,

The objective of this program was to generate data for use in estab-
lishing flight characteristics criteria for airworthiness certification and
issuance of operational limitations for supersonic transports during landing
approach., The evaluation program was specifically directed toward definition
of a minimum acceptable level of longitudinal stability of the unaugmented
delta-wing transport airplane. This was accomplished by a systematic variation
of static longitudinal stability of the airplane. In additiom, the effects
of: (1) curvature of the pitching moment vs. angle-of-attack curve, (2) in-
creased pitch damping, and (3) backsidedness (variation of induced drag) om
airplane acceptability were also examined to determine their influence on a
minimum level of static stability. The basic data package vsed for this pro-
gram was supplied by the FAA and consisted of aerodynamic data and control
system characteristics of an unaugmented prototype Zoncorde airplane. This
data defined a reference airplane configuration from whish the above param-
eter variations were made.

For this experiment the in-flight simulater used was the TIFS a.r-
plane. The TIFS airplane is a research tool which peruits a duplication of
the motion of the simulated airplane pilot station, and the instrument and
visual cues experienced in the actual performance of the landing approach task
to a simulated touchdown, This permitted the evaluation pilot to assess the
complete approach problem including localizer acquisition, glide slope acqui- .
sition under instrument conditions and control of flare and touchdown (with L
ground effect) under visual conditions. Glide slope errors, ilocalizer offset ‘
error, crosswind and turbulence were introduced electronically into the eval-
uation task to allow the evaluation pilot to examine the simulated aircraft
under various operational requirements.

" The vreport is divided into two volunes. Each volume is subdivided
into various sections. Volume I is essentially a summary of the experiment,
while Volume II documents the experiment and the analysis of data in preater
detail and provides specific background information for the contents of Volume
I. The following is presented in the sections of Volume I: {
“Section II - Technical Discussion whick describes the

parameters varied as well as the effects of
these variations on classical stability and
control paraneters.

Section III - Describes the experiment, the TIFS airplane
and the evaluation aids provided the pilot.




Section IV

Section V

‘Pilot comment synopses and ‘discussion of the

experimental results.

Contains a summary of ths experimental results
and conclusions based on the data obtalned in
this investigation,

\~‘




SECTION II
. TECHNICAL DISCUSSION

2.1 PURPOSE OF THE EXPERIMENT

The in-flight evaluation program was designed to specifically exam-~ |

ine the effect of static longitudinal instability on landing approach handling
characteristics of large delta-wing transports. The objective of the program
was the determination of a minimum acceptable level of static instability for
the bare unaugmented airframe. The experiment was performed using the Total
In-Flight Simulator (TIFS) airplane on which were programmed the equations of
motion and the aerodynamic and control system characteristics which describe

T a large delta-wing jet transport duriung the landing approach flight phase.

Included in the description of the serodynamics of the airplane configura-

tions investigated were the effects of proximity to the ground. Application
of the TIFS airplane to this eteriment ailowed ail cues (motion, instrument,
and visual) to be accurately presented to the evaluation pilet. This was ac-
complished by flying the task through the critical flare and simulated touch-

down under actual operational conditions. Previous in-flight and ground sim~

ulation experiments in this area have not been performed on equipment that
could combine all of these factors, with the sume realism. :

8.2 h DESCRIPTION OF THE CONFIGURATIONS EVALUATED

The design of the handling qualities experiment for this program
began with definition of the aerodynamic stabiiity derivatives for the par-
ticular type of airplane coaiiguration under investigaiion. A complete de-
scription of the aevadynamic stability and contys> 7 »ivatives is presented
in Volume IT of this veport.. These derivativi. - .<n nedified to speci-.

fically examine the effects of stavic longit ..« . shility on the landing

task. Spevifically, a baseline configurvation w.' el mined fras an FAR sup-
plied data package of an unaugmented prototype Cuncoxde airplans, The propvam
conducted ronsisted of perfovming variations in the follpwing parameterss -

@) Static instability for & linear pitching mement curve by
sodification of Om, to athiove the following selectod
times to double amplitude (7% ) based oa the aperiodic
unstable yeot of a liacavited longizudinal chavacteristic
cquation: Ty = 60 scconds, B seconds, 4 seconds and ‘
2 seconds, In addition, a stable configwration was intros
duced to serve as a Yeference poingt,

b  Changes in the pavametess of the acrodynamic pitching
: sotent coeificients o investigate wonlincer day
“effects. - S ’

¢) Changes in the shape of the drag pular to exvming the
‘effects of backside operation vs. operation .n the bucket

3

M e bt} o ot ke 3, f A




T S e T et v
- T . tent et ]l et B

of the trim drag.curve with veloc;ty for statlcally unstable
airplanes .

- d) Changes in (Cm, * Cm:; ) to evaluate the effect of
. s ©

pitch damping. » :
" When variation d) was used, the static stability ( Cam, ) was also varied such
that the specific values of T, under investigation were still maintained at
the preselected values. 051ng these variations, a matrix of airplane configura-
tions was established from which twenty configurations were selected for the
in-flight investigation. The matrix of configurations is presenued 1n Table I
based on the definit:ons in the fbllowxng chaxt.” )

Derivative Identification ‘ : _Description
e . ' 1  ‘Baseline value & 53% c.g.
- LA * 3 N -
e AL 191 £ times the baseline value
0- » “Linear (3Cwm, /3 0)
_ B | ' Baseline nonlineavity
O (@) " (3w, e = 0002 deg?)
‘ 2 ' Nonlinearity twica basellne valus
(aa,,,&/a: = 0004 deg- 3
. Kp ‘Baseline drag polar (backside operamzon)
driov &, _ Drag polar to place airpiane in bucket -
- ‘ - of power requived curve at appyoach
speed
Static Szability, A j' Stable configuration/separated

shoic pexiod and phugoid wodes
" 60 second aperiedic divergence
" 8 sacond aperiodic divergense

& g.bond agsriodic divergence

s

2 sceend apefiadis ﬂi?efﬁﬁﬁﬁ%

_ BOTE:- Aperiadic dive gence is based upon the unStable vea) root in the
long;tudinal s#otevistic equation.




For the experiment, the lateral-directional statility and control
derivatives were not varied from the simplified baseline airplane values. The
stability and control derivatives for the twenty evaluation confzgurauons are
tabulated in A;pendix I of this volume,

Figure 1 illustrates the effects of the changes in the longitudinai
derivatives on the time to double amplitude, determined from a linearized
longitudinal charactevistic equation root location, out of ground effect. For
this situation the configurations with nonlinear Cg curves would be iden-
tical to those with the linear Cayy , since all configurations were selected
to essentially trim at the same cond:.uon out ¢f ground effect.

YABLE 1 MATRIX OF EVALUATION CONFIGURATIONS

Coay *Comy, 7 : Basaline _ 5 x Baseline
- -
(LA Baseline Forn iasetine B o A
K72 (Rackside) ero  (Backsde) Zere
-y g - =Y -
Cru(&) base. | . base- | , . jbase- |, base~ | 4
a Hnear ;g:f non- | linear :‘;ﬁe non-  [lingar ;Z‘;" non- [linear :“')2? non-
;'1; . 1inear tinear Tinear Tirean linear Tinean linear 1inear
stable | 1 | 13 B I I
Ty =60 sec 2 I ' ' , :
doessed 2| 6| 8 | 10 W v
t,wdses] o8 7] 9o | w 15 - s |
- it - oév — S B oot -z-:«‘»‘n.LuE i o ke
f,® 23 5 | 2 Cobw
2.3 TING YO DOUBLE AXPLITUDE

As discussed in Reference 1 and Appendix 1 of this repor e, the gen«
ersy criterion for a statically unstable airplane is the sign uf the constant
tevm in the characteristic equatmn. A measute of static imstability is the
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dlvergence rate of the aperiodically unstable mode (time to double amplitude

= T, seconds), From a practical point, difficulties exist in attempting to
neasure this parameter for configurations with a relatively long time to double
amplitude. Analysis presented in Appendix II of this veport indicates that
angle of attack response to elevator commands is a reasonable measure of T
especially for airplanes with relatively fast divergence rates. Fzgure 2
indicates the relationship exhibited by the configurations evaluated in this
program between the T determined from the unstable root of the longitudinal
characteristic equation and the time to double amplitude measured from the
angle of attack response to an elevator surface step (72, ) (see page 84 for
measurement rules).- For the configurations with linear c,,, (3Cws /3 = 0),
for either nose-up or nose-down elevator inputs, the value of 7_ is in rea-
sonable agreemen: with the value of 7 obtained from linearized theory. pro-
vided 7' .is less than ten seconds (7/7; > .1).

For the configurations with nonlinear C,, (G, is a functlun of -

® ) there exists very little correlation between measured ﬁlvergence rate and
that predicted by a linearized theory. When the elevator surface is moved
“trailing edge up, the measured'fza is significantly less than the value ob-
- tained from the linearized equations. The opposite is true for a trailing
edge down elevator surface command. This is a result of the form of the Ciu,
nonlinearlty investigated in this program. An increase in angle of attack ®
decreases static stability for the nonlinear configurations, while decreasing
¢ increases static stability. Thus the data indicate that care wust be exer-
clzed if 72, is used a5 a handlxng qualities parameter.

2.4 - SHORT TERM ATTITUDE RESPONSE

In Appendix Il of this report it is demonstrated that, for the con-
figurations evaluated in this program, the short term attitude zgspeﬁse to an
impulse elevator command can be characterized by an Yequivalent" firse ovdex
time constant. The "equivalent™ time can be reascnably deteymined trom the
smaller of the two roots caluuiated from the cunstant speed short pevied 3
proximation. - In addition, it is alse shown in Appendix [0 that the slope of
trin elevator position with “g" in constant altitude steady banked tums, ut

levels of incremental “gis'2.2, is indicative of whether the short temm attitude

response to elevaloy is stabke ov unstahle®. This then presonts the possibilicy
of desngxbiﬁg the statxga!!y unstable airplane cuﬂtx;urst-gns “that wers eval-
uated in this program in terms of short peried paremeters.- Pigure 3 indicates
the correlation batween the "equivaient“ £ivst ovder moda ﬂeaeurcd fron ate

C ' titude response to 3 nosesup elevator compand and the “equivsient” eade pre-

dicted by the short periad appeexieation.  Figure & indicates the r*!ataonéhty
between the “equiviieue™ p;tch nttxtu&» first onder smode and the f‘ae e dcuoﬁe

MY

—

“* " This pavametay is relatgd but not. da:eaeky prcport.oaas to the Cl«ﬁsx&a.
st;c&-fixed I&AAUVcr wargin. -




FLAGGED SYMBOLS INDICATE NONLINEARITY

. IN C;,, TWICE BASELINE VALUE

OPEN SYMBOLS INDICATE ELEVATOR TRAILING
EDGE-UP INPUT

CLOSED SYMBOLS INDICATE ELEVATOR TRAILING
EDGE- DOWN INPUT
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amplitude of angle of attack measured from responses to nose-up elevator con-
trol input, This figure indicates that the configurations evaluated in this
research program can be separated into several regions based on the level of
stability of either angle of attack or attitude response to an elevator com-
mand, The most obvious separation is into those configurat’ons with stable
short term attitude response in comparison with those configurations with an
aperiodically unstable short term attitude response; for all configurations,
angle of attack response exhibits an unstable divergence. This separation in
the stability of the short term attitude response to elevator inputs might be
of more importance to the pilot in controlling the airplane than the angle of
attack divergence.

Based on the correlation between the '"equivalent" first order mode
in the pitch attitude response to elevator input and the short period approxi-
mation, it is then possible to present the configurations on a plane defined
by the short period parameters (e.g., w,,”z and 2 &sp @Wngp). Figure 5 illus~
trates the location of the configurations evaluated in this program, In es-
senco the experiment can be interpreted as a variation in the short period
frequency for two short period damping levels (at least for short term pitch
actitude response). The location of the configurations shown on Figure 5 is
based on the short period approximation including ground effect. For the form
of ground effect used in this investigation (Section III, Volume II) the short
period mode would increase frequency and damping as the airplane descends the
glide path, thus in terms of these modal parameters, each configuration is
actually a region in the short period plane, For clarity, only selected con-

figurations are indicated, since the location of the nonlinear C,,, configura-- .

tions, and the configurations with reduced Cp, would be essentially the

~ same as for the basic configurations. Also shown on the figure are curves for .

6 second and 3 second time to double amplitude computed when the short period
approximation contains an unstable aperiodic root. From the trajectory of the
_.short period modal parameters with altitude, it is obvious that the ground ef-
fect can have a significant influence when the airplane c.g. is less than 50

- feet above the runway. At any altitude above 50 feet there is little influ-
ence of ground effect. As indicated in Section V of Volume II of this report
the most significant feature of the ground effect would be the trim adjustments
required by the pilot to compensate for the ground effect during the flare and
touchdown maneuver to maintain a reasonable pitch attitude for landing.

The preceding discussion presented the poles (roots of the charac-
teristic equations) obtained from a constant speed short-period approximation.
The poles of the complete three-degree-of-freedom linearized longitudinal
characteristic equation are presented in Appendix I of this report. Table II
.presents a comparison of the roots of the short period approximation (-4,,-2,)
~with those obtained from the full characteristic equation (//7ss, , //Tsey ),
for the configurations with real characteristic roots (out of ground effect).
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Thus the short period approximation generally predicts a more stable

configuration than that obtained from the full characteristic equation.

4
i
[

TABLE II | :
COMPARISON OF SHORT PERIOD APPROXIMATION ROOTS WITH \
COMPLETE CHARACTERTSTIC -EQUATION ROOTS (OUT OF GROUND-EFFECT) R
{ ' / 4
CONF, A, Tam, i, 7;5:
2 .1900 1926 .5920 .6328
3 (6)(8)] .1107 -.0855 - .6714 .7030
° 4 (7)(9)| -.0186 -.1656 .8006 .8220
5 -.2661 -.3446 1.0479 1.0560
10 .1107 -.0710 6714 6725
11 -.0186 -.1497 .8006 .7997
12 -.2661 -.3291 1.0479 1.041 |
14 (17) | .2091 -.0840 1.1842 1.186
15 (18) | .0348 -.1654 1.3584 1.354
16 (19) |-.2509 -.3465 1.6441 1.631 |
R 'a
NOTE: Negative values of A, and f/7§p, indicate an unstable real root |
(aperiodic divergence). : ' :
: |
2.5 INFLUENCE OF SPEED INSTABILITY (BACKSIDEDNESS)

_ Several of the configurations evaluated in this program were specif-
ically designed with reduced levels of induced drag (out of ground effect) to
examine the effects of “'speed instability'" (or backsidedness, ‘ppendix II) on’
pilot rating in the landing approach task for large delta-wing transports.

For all configurations evaluated in this program, the ground effect reduces
"backsidedness" by decreasing induced drag and increasing the lift curve slope.
Reference 2 indicates that a change in o 2’47V from .069 degrees/knot to.0.0
degrees/knot for configurations with zero static margin (Mg = 0) but statically
stable (avﬁsp >0) did not significantly affect pilot rating for two of the o
three evaluation pilots used in that program. The sirplane configurations to S 4
be evaluated in this program were designed to examine this effect fox various e
values of M, . The d7/dV variations are of a similar order of magnitude to :

that used in the sbove reference. This variation covers the Level 1 and Level 2 o,
regions for flight path stability of Reference 3. , : ' S
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2.6 INFLUENCE OF GROUND EFFECT.

The configurations evaluated in this program include the influence
of ground effect based on the dara package supplied by the FAA., Section III
-of Volume II of this report illustrates the functional form of the ground ef-
fect. This functional form was not changed during the in-flight evaluation
for all the aerodynamic stab..ity ard control derivatives except that the in-
tluence of ground effect on the pitching moment equation was reduced as Cpyy
was made more positive (unstable) based upon the equivalent c.g. location
(Reference 4). The ground effect used tends to follow the preferred form dis-
cussed in Reference 4, that is, the 1ift change tends to lead the pitching
moment ¢hange. As previously shown on Figure 5, the short term mrdal param-
eters are not significantly altered by the ground effect urtil the height of
the airplane c.g. is within 50 feet of the runway. As shown in Volume II of
this report, based on a quasi-steady trajectory analysis, 4 c.g. height of
50 feet is the altitude at which the pilot would be required to introduce sig-
nificant elevator trim changes. These trim changes must occur in a relatively
short time to counter the nose-down tendency of the ground effect in order to
- maintain an approximately constant attitude approu:h and touchdown. The data

presented in Reference 4 indicates that an increase in the magnitude of elevator

stick force associated with the landing flare maneuver in ground effect can
have a significant degrading influence on pilot rating as static stability is
reduced. Filot workload parameters in terms of the primary frequency of ele-
vator control input and elevator column force for the configurations evaluated
in this program are presented in Section IX of Volume -1I of this report.

1 2.7 LANDING - APPROACH TRAJECTOQRY ANALYSIS-

References 4 and 5 both examined the landing flare maneuver of large -

transport aircraft in the presence of ground effect, and both conclude that
“the ability of the pilot to maintain a constant pitch attitude is critical to
landing the aircraft. Thus the ability of the pilot to compensate the. strong
-nose-down pitching tendency by coordination of elevator inputs may be the most
demanding portion of the entire }anding task. As an estimate of the importance
of compensation for ground effect by ‘elevator for the landing maneuver at con-

stant approach speed, a quasi-steads trajectory analysis was performed for the

configurations evaluated in this program, Specific details of this analysis
are pres uted in Section V, Volume Y1 of this vepoxt, The results of this
analysis ay be summarized as follows: (1) for all configurations ovaluated
-in this program, waintaining the attitude requiyed for a glide slope of 2.5
degreées would land all configurations at rates of dagcent below 2 feet/sec
Cexcept fox configurations 5, 12,16, 19; (2) coafigurations 5, 12, 16, 19
would tend to balloon in height without achieving touchdown unless the pitch
attitude was allowed to decrease prior to touchdown. Thug for these configura-
tions, the pilot would be required to use elevaisr in a method contyury to what
could be considered normal in the flare snd touchdown task for the other con-
- - figurations evaluated in this program. For all configurations, the analysis
" indicates that significant elevator compensation would be required Zor
approxinately the last ten seconds of the approach (as wheel height veduces
from 35 fect above the runway to touchdowh). '
~ : : 14
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SECTION III

DESCRIPTION OF EXPERIMENT

3.1 - EQUIPMENT
o The flight evaluations of this program were flown in the Air Force

Total In-Flight Simulator (TIFS) operated by Calspan. A layout diagram of A
TIFS is shown in-Figure 6. , : : s -

ELECTRONIC COMPONENTS OF

SENSOR, FEEL, AND SERVO SYSTEMS
B t
ELECTRONIC COMPORENTS OF -

i DEL-FOLLONING AND :

/,f RESPONSE-FEEOBACK SYSTEMS
q DIGITAL TAPE

- ANALOG  RECORDING SYSTEM -
COMPUTER

SAFETY PILOTS

EVALUATION PILOTS

CANOPY:

ACCESS TUNNEL

SI0E FORCE
SURFAGED

. ' ~ Figure 8 LAYOUT OF TOTAL IN-FLIGHT SIMULATOR (TIFS)

For this program, the TIFS was cporated in the model-following sim-
ulation mode; a block diagram illustrating this mode is presented in Figure 7.
o ' The TIPS development, design and fobrication are described in Reference 6. The
i detailed capabilities of TIFS are completely outlined in Reference 7. The TIFS
simulation cockpit, occupied by the evaluation pilot, is a completely separate
cockpit mounted on the nose of the NC-131H to give the evaluation pilot as much
’ - of the simulated aircraft environment as possible. The instrument panel used
9 for this evaluation included the instruments developed under the PIFAX progran
l ' (Pilot Factors Program sponsored by the FAA and performed under Air Force
. ﬁs‘ direction). The two primary instruments ave an Attitude Director Indicator
' (ADI) Model 4058-E and a Horizontal Situation Indicator (HSI) Model AQU-4.
In this landing approach flight evaluation, the task included ILS apprcaches
performed either in actual IFR weather conditions or under simulated IFR con=-
ditions with the evaluation pilot wearing a hood. The ILS approaches were
accomplished using the raw glide slope indicator on the ADI and the raw lo-
calizer neodle on the HSI. The flight director horizontal and vertical steer-
ing needles on the ADI were removed from the sight of the evaluation pilot.
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Figure 7 MODEL-FOLLOWING MOTION SIMULATION

Anothex change to the ADI was a modification that provided double the pitch
sensitivity of the normal presentation. In other words, each degree of pitch
angle change of the model was represented as a two degree pitch change on the
ADI. This was done to make the pitch display sensitivity comparable to that
of a large delta-wing supersonic transport (e.g., Concorde). In addition to
the two major instruments, other instruments included airspeed indicators (both
digital and the normal round dial instrument), altimeter, engine instruments,
clock, accelerometer, heading indicator, distance measuring equipment (DME)

anc vertical velecity indicator (VVI). The VVI was unique in that it provided
instantaneous verticai velocity without the consequent lags associated with the

usual pressure sensing instrument. Three other special instrument indications
were presented on the panel in the simulation cockpit. A vertically moving

_tape indicating angle of attack, ¢ , was displayed on the left side of the ADI.

_ Another vertically moving tape showing wheel height was displayed on the right
side of the VVI. A horizontally moving needle indicating sideslip amngle, & , .
was located below the HSI. A photograph of the instrument panel (prior to the .
installation of the sideslip indicator) is shown in Figure 8. - ' :

The TIFS simulation cockpit is a two-place side-by-side arrangement
with wheel controllers and rudder pedals. Elevator and aileron rate trim thumb
buttons are located on the control columns and a toggle switch rudder trim is
provided forward of the throttle console. Four throttles are located between
the ‘two seats on a center console. The evaluation pilot occupied the left
seat during the evaluation flights. -

Contyol feel to the wheel and rudder pedals was furnished by electyi-

cally controlled hydraulic feel servos which provide opposing foxces propor-
tional to the control wheel and rudder pedal deflection. The feel system .

16
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“dynamics for the elevatos, aileron and rudder were held constant at the followe
ing values: @y, = 15 radians/second and 4o = .85,

The elevator and aileron control system dynamics were represented as
a second order system at a frequency of 32.9 radians/second and a damping ratio
of unity. The rudder was represented with no control system lag. '

The confrol sysfem static characteristics were held constant through-
out the evaluations at the values listed in Table III..

, TABLE 111
. CONTROL (GEARINGS AND FEEL SYSTEM CHARACTERISTICS

Elevator ~ Aileren ~Rudder
‘Force Gradient - 11.0 Id/in. .6 lb/deg 15,75 1b/in
Breakout. Force - Cs40° 0 22.01b %30
Hysteresis. + .50 1b 22,01 +10 1b
‘Control Travel (mex) : 7in. - 2 46 deg %4 in,
Surface Travel t18 deg %18 deg + 30 deg _
Control Gearing - 2,57 deg/in. - .39 degfdeg - 7.5 deg/in.
Trim Rate  ° 3125 in./sec 1.5 degsec . .133 in./sec

The engine dynamics were represented as a first ovder system with

- A 1.0 second time constant. Static thrust was mechanized as a linear gradient
with zerc thrust until 49% throttle and a maximum static thrust of 25,900 ib/ .
enging at 1008 throttle, Thus, the linesr gradiemt used per engine was 508
1b/% throttie, T SR o

A touchdown signal wus pro#idad to the evaluation pildt in the form
of a light located above the ADI and an aural indication on the interphens,
In addition, a slight normal acceleration was generated by the sudden applica-

~ tion of a Jown direct lift flap deflection when the cowputed wheel height

:,-rﬁ:ch&ﬁ-:e?g, This computed wheal height gave the evaluation pilot the coy-
ysct cgekpxg eye to ground height at touchdowa. A vadar altimeter providad
the height information for the detewmination of touchdown, Figure 9. '

— ‘For this program, the TIFS simulation included the very significant
effect of flying & large delta-wing transport in close proximity to the ground,
It thereby provided the evaluation pilot with the cppropriate task when flying
the simulated aivplane in the final apptcach close to .he ground. The come
plete ground effect was mechanized based on the data supplied by the FAA. The
‘prim2ry changes occurred to.the pitching modent, lift and drag representations
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but all six equations of motion were modified due to ground effect, The pro-
cess_involved in determining the simplified expressions that were used have -
been detailed in References 8 and 9. A summary of the modified equations is

-shown in Appendix I of this volume.

3.2 EVALUATTONS -
3.2.1 Mission Definition -

The evaluation mission was _hat of flying a large unaugmented trans-
‘port airplane in the terminal task of IFR landing approaches to ILS minimums,
followed by a day-time VFR approach to touchdown on a 10,000 foot runway. The
“evaluation pilot rating would be given considering an airline transport pilot
performing a single pilot control task. it was assumed that there would be
an additional pilot for monitoring and for overload cockpit duties. Howeve:
throttles. Furthermore. it was assumed that the airline pllot was "well
trained" (e.g., subjected to the training requirements of the FAA -and to those
of his own company), but that the tvaining associated with flying the airplane
with a complete augmentation system failure was administered infrequently.
~Therefore, there was no certainty that the pilot would hmve had recent e;perxm
.ence in landing the unaugmented a;rplane. . .

It was agreed that a single Cooper-Harper pilot rating would be given -

~for the mission (IFR approach and the VFR landing). Bxceptions would be per-
. mitted for those situations where there might be ap extreme variance between
“tho difficulty of performing the flare and touchdown tasks s compared to -
flying the IFR approach, Then the pilot could give ene rating for the approach
and a separate rating tor tno fiure and touchdoun task, at his discretion.
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3.2.2 . Evaluation Procedure
Two evaluations were planned for each flight. Each evaluation in-

- cluded IFR approaches down to 300 feet above the ground The remainder of the
‘approach to touchdowr was accomplished by visual rexerence to the real environ-
‘ment outside the cockpit. The majority of the ILS approaches were flown to
runway 28R at Niagara PFalls International Airport, Niagara Falls, New York.

Some approaches were made to runway 5 at Greater Buffalo Internat1onal Airport, .
Buffale, New York because of the excessive tailwind component on the ILS ap-
proach at Niagara Falls. On one flight a ser’es of approaches was made to
runway 4 at the Monroe County Airpoxt, Rocherter, New York for the same reason

. as given above. The approach spesd used for all approachos was 160 knots.

The TIFS configuration for the approaches prior to engag:ment of the VSS when ¢
‘in level flight was landing gear down and both Fowler am! direct 1lift flaps in

the trail position. These flap settings produced approxivately 10 degrees

angle of attack mismatch with the model at the initial cuidl*ion of VSS en-

gagement. The mismatch was accounted for in the transformatior of the model

equations of motion as shown in Appendix 1I causing the TIFS cockpit motion to

match the model's cockpzt motion although differing 1n 1nc1dence by a constant

6 degrees.

Por this experiment the TIFS gust alleviation system was not used be-
cause it was not filly optimized. A model-following variable stability system
will tend to ‘act as a limited bandwidth gust alleviation system when no turbu-
lence inputs are fed to the model and the feedforwayd and feedback signals ave

“inertial quantities. In this situation th2 turbulence response experienced

. by the evaluation pilot is that portion of the mormal TIFS airplane turbulence

response not alleviated by the model-folleowing loops. For those approaches
where the natural turbulence level was greater than moderate, no inputs were

- fed to the model. On other approaches, either the sensed nntural turbulonce

“or a combination of natural and canred turbulence was fed to the model. The
blending of natural and artificial turbuience was accompiished electronically
(Section IX of Volume II} whenever the sensed natural turbulence was less than
the prescribed level. Then, canned turbulence was inserted to-yaise the tur-
bulence to the amount designated for the particular task. The canned turbuw
lence model was based or the Dryden spectval form of MIL-F~8785B(ASG) withiy,«
1000 ft. Details of the canned turbulence simulation ave pxesented in Reter
cnee 10, -

. . A total of &1 cvaluations of 20 different configuraviong was pov- -
formed by four ovaluation pilots. This total included twe vepeats each of the
same configuration by Pilots A and B. Four evaluationy weve repeated by Pilat
D. The ontive program was split up 5o that P:!ets A, B € and D perierwcd 19,

15, 6 and 31 evaluations, resneccxveiy.

The evalvation pilots were not ;nfbrae& abouc the configurations to
he evaXuated on any £light. . , L
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follows: .

Evaluation Tasks

A typical'sequence of tasks during each evaluation was as follows:

41.' iFamiliarization with the configuration

(a) Determine trimmability -- ease of achieving trim and
the behavior 10 - 20 knots off trim airspeed.

(b} Perform maneuvering as considered necessary to determine

. . ability to make precise pitch, airspeed and heading
changes. A wind-up turn to at least 1.4g was included
if it appeared there might be a problem with flaring
the azrplane.

2.: | IFR approach (simulated by use of a hood}

(a) - Radar vectored track on a 30 degree intercept of the
ILS final appreach course.

(b} Localizer acquzsxtlon a few miles outs;de the
ovter marker._

(¢} Lnecalizer trackxng and gl:de slape acquxsxtxcn and
tracking down to an alt;tude of 300 feet above the
ground.

3. Visual final-approach to touchdown.

The IFR approach was planned with three distinct voriations as

‘1. TASK A was a siraig&tninlbppreach with a turbulonce level, ¢ ,

-.of 0.5 feet/second when uo natural tuibulense existed

.- TASK 8 included a glide slope crror of one dot {up or down)
from the outer marker to ag altitude of 800 feet ubove the
ground. It also included a 90 degree crosswind corponent of
15 knots that was inserted after Jucslizer intuvception and
vesained in until touchdown. As in Task A, 2 turbulence level,

¢, of 0.5 feet por sccomd was pravxdcd whasever the aiy was

T, 300 5500&1; .

3. TASK € consisted of a localizer offset ervor of ane dat that

was insexted prior ¢o loealizer acquisition. This efrd
vesained until 200 feet above the ground. It produced approxi-
mstely a 206 foot latexal offset at the middle aarker. In
addition, a turbulence level with a ¢ = 3 feet per second

uas provided if the level of natural turbulence was not
'suar;cxcatly hagh

%




Task A was always given first but the order of the other two tasks
was interchanged at random. The evaluation pilots were not informed as to
which task they would be subj»»ted to after the initial approach

Details of the mechanlzatxon of the glide slope and localizer offsets,
_the artificial crosswind-and the addition to the natural turbulence level are
descr1bed in Section IV of Volume TI .

3.2.4 Pilots

Four evaluation pilots participated in the program. Prior to the
evaluation of the configurations in the TIFS airplane, all evaluation pilots .
participated in a ground simulation evaluation program., This program eval-
uated the configurations designed for the in-flight program on the Ames Flight
Simulator for Advanced Aircraft (FSAA) Reference 11. The initial flight for
each pilot in the in-flight investigation program was a pre-evaluation flight
that allowed the pilot to become familiar with the TIFS airplane, the in-flight
evaluation procedure and the use of the pilot comment card. Two configurations
were flown by the evaluation pilots during this flight. One was a stable con-
figuration (either configuration number 1 or 20) and the other was a mildly
unstable configuration that was also on the backside of the power required
curve. This combination of configurations allowed the pilots to see the dif-
ficulty of controlling a stable configuration that suddenly became even more
stable prior to touchdown and also pernitted them to see one of the unstable
configurations before their first actual evalustion.

‘A summary of the evaluation pilots' general flight experience is
presented below:

Pilot A:  USAF pilot and graduate of the USAF Test Pilot School
'with extensive experience in flight test. He has a total
of approximately 9500 hours with the mujority of that
time being in large a2ircraft., He has flown several
-flightc in one of the Concorde prototype aircraft.

Pilot B: NASA Ames research pilot who served as project pilot
on various handling qualities studies using both aircraft
and ground simulators, His flight experience of 7000
hours includes many experimental V/STOL aircraft, rotor
craft, fighter and large jet transport aircraft.

Pilot C: FAA test pilot with approximately 6000 hours of fiying
time. This experience has been obtained in an extensive
variety of small and large airplanes and helicopters.
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Pilot D: _Calspan research pilot with extensive experience as an

.~ - evaluation pilot in handling qualities investigations
using variable stability aircraft and ground simulators.
His flight experience of 5500 hours is distributed over
a wide variety of aircraft types. ’

3.2.5 Pilot Comment and Rating Data

Pilot comments and ratings were the primary data obtained. In order
to standardize the order and organization of the pilot comments, the evaluation
pilots were encouraged to use the Pilot Comment Card which is reproduced as
Table IV, '

The evaluation pilot was requested to comment on the items listed
on the comment card at the completion of each evaluation. However, he was
free also to comment at any time during the evaluation when he felt it appro-
priate. One of the pilots chose to make comments at the completion of each
approach while the TIFS was being flown outbound by the safety pilots prior to
setting up the aircraft for a subsequent approach. As indicated by Item 16
on the comment card, the pilot was asked to assign a pilot rating for the con-
figuration after completing the comments. This rating was given by the pilot
in accordance with the Cooper-Harper Handling Qualities Rating Scale as de-
scribed in Reference 12 and shown in Figure 10. )

The pilot rating assigned by the evaluation to each configuration
included the effects that turbulence had on the handling qualities. There-
fore, in addition to the rating of the overall configuration, an alphabetical
rating was assigned which was an assessment of the effects of turbulence on
the handling qualities. These ratings were given in accordance with the tur-
bulence effect rating scale shown in Figure 11 which has been used by Calspan
in other flight research programs. The use of the turbulence effect rating

-scale allows an estimation to be made of the degradation in pilot rating for

a given configuration in the landing approach as a function of turbulence ef-
fect. However, one serious drawback with this rating system was the difficulty
that the evaluation pilot had in choosing a rating when he did not have the
opportunity of making at least one approach in smooth air,
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Maneuvering in turning flight:

TABLE [V

PILOT COMMENT CARD

Ease of achieving trim,

Any objectionable behavior off trim airspeed.

Maneuvering about level flight:

attitude control, altitude control, airspeed control, etc.

lateral ~ontrol, altitude (and pitch) control, airspeed
control, maneuvering forces. (Acceptability for mission), "g"

Localizer acquisition and tracking prior to glide slope interception:

a.  performance capability
b. workload
o, effect of localizer task on altitude performance.

.Glide slope acquisition:

a. control techniques to acquire (:levator and throttle)
b. performance capability
<. workload.

‘Tracking of glide siope and localizer:

a. ability to maintain and re-acquire glide slope;
control of airspeed?

b.  ability to maintain and re-acquire localizer

c. does your pitch task affect heading control adversely?

d. describe any unusual use of the display

e. control technique: elevator and throttle used to control
what? ‘

_t. describe input required to produce desired pitch
response

g. how suitable to the task is the resulting
airplane motion?

h. does the airplane feel as though it is trying to get
away from you unless you are continually and consciously
controlling it? . :
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8,

100

11.

12.

13.
14,
15.

16.

17,

18.

19.

-

Ability to correct lateral offset errors on breakout. Did the
"required maneuvering adversely affect your control of 1anding

>:;touchdown point or sink rate?

Control technique, power management, performance, workload in
flare and touchdown maneuver. =
Crosswind landing:
a. difficulty
- b, wing down or decrab technique?
C. effect on sink rate and touchdown point control.

Control feel: elevator, aileron, rudder

- 8. forces to produce desired response
b. control travel
¢, breakout forces
d. friction. -

Throttle control feel, friction.

Which of the required evaluation tasks was most degraded by the
configuration characteristics?

Turbulence effects - has rough air brought out any characteristics
that would affect your ability to fly this configuration?

Could you continue to fly this configuration for 30 minutes in
turbulence doing landing approach tasks?

Configuration rating.
Turbulence effect rating.

Summarize primary reasons for ratings:

a. what was the most objectionable feature of the
configuration?

- b. what was the least objectionable or best feature
of the configuration?

Were there any simulation malfunctions during the evaluation?

25




r ﬁ
ADROUACY POR SELECTED TAGK OR 4 AMRCAAPTY SEMMANDS ON THE PULOT moT
MIOUIED OPERATION® CHARACTEROTICS ™ SELECTES TAN OR ABSUINED OPBRATION® RATING
Eacettent Pilol cOMPENIALOn ot & factor for
Mighty desirsble Oesired parioemance

Qo
Negligidla deliciencies

Pilot compansalion not & factor for
Sete0 patiormante

Faur — Some midiy
unpleasant dehiciancind

Miramat uk | compensalion tequued tor
Sevred performance

Minot hut annoying
deliciencies

Dasited pr10tManca rcquitey mndetale
pitot cofpensation

Delicancoes

L1 Oelicinncs
AaEIRCIony wilhout wartaat #- - ::'“'"'" bjectonable Adequate p'"°:"“"" PQuies
WnDiovemant IMprovemInt Cipnries considerable pilol compensation
’ Very opyec tronadle but Ad requires ext
1oterable det-Crpncies ot compensation
Ad o not wih
Major delicrencian priot o

Controligbihty A0 1n question

> reQuire
mprovement

*..

Maor dehciencas

Consideradle piot COMPENLATION 18 rrQuItes
for contrgt

Major deliciencres

Intense pilol COMPRNEALION IS requited 1O
1glmin control

l Improyement

1 mandateny

p 4 Maor dehicienties

C.onlzol will be 1941 during some porban of
requiTed operation

A\

\

Figure 10 COOPER-HARPER HANDLING QUALITIES RATING SCALE

€ D1 AL ORAT PG W It e avA A gyt 4 T e
AUBORAEY & TP 1 N gty et s e ety

{NCREASE OF PILOT
EFFORT WITH
TURBULENCE

DETERIORATION OF TASK
PERFORMANCE WITH
TURBULENCE

RATING

NG SIGNIFICANT

NO SIGNIFICANT

INCREASE DETER | ORAT HON A
NO SIGNIFICANT
DETER!ORAT [ON B
REQUIRED
MODERATE )
- - - - - h
MODERATE E
MAJOR (BUT EVALUATION
BEST E£FFORTS TASKS CAN STILL BE
REQUIRED ACCOMPLISHED) F
LARGE [SOME TASKS
CANNOT BE PERFORMED) 6

UNABLE TO PERFJRM TASKS

Figure 11

26

TURBULENCE EFFECT RATING SCALE

ot




> 3.2.6 Model Validation Procedure

Wher. using a model-following type of variable stability airplane for j '
research, the verification that a particular dynamic configuration is being :
flown consists of checking two basic items:

(1) Ascertaining that the correct model has been set up on the i
analog computer, i.e., the potentiometers defining stability :
derivatives were set correctly, and that the analog was pro-
ducing the correct time histories for selected control inputs.

(2) Ascertaining that the TIFS responses in flight were in fact
following the analog generated responses for pilot control
inputs.

Item 1 was accomplished in the following ways:

a. A static voltage check was performed on the aralog represen-
tation to verify proper mechanization of the equations of
motion. '

b. Nonlinear six-degree-of-freedom digital computer time
histories of model responses to control inputs were compared
with those generated for identical control inputs by the model
analog computer. This comparison was simplified by producing
time history overlays from the digital computer responses
which were then used to compare with the time histories
generated by the VSS model analog and recorded on the on-
board strip chart recorder.

c. Trim values of Vy, 6y and -, were set in as initial conditions
to the model analeg computer and the model allowed to achieve
trim through balance loops. The trim values of &, , Cp, &,
8¢ and 7,, were compared with the nonlinear six-degree-of-
freedom digital computations.,

d. To verify that the correct ground effoct mechanization was

' incorporated, Step c was repeated at model wheel heights
of 2, 11, 36, 86 and 186 feet above ground ievel, and com-
pared to data generated at NASA Ames (Refervence 11).

Item 2 was achieved as follows:

a. While using only the model computer on board, model computer ' .
responses recorded on the strip chart were compaved with the ' ‘
digital computer time histovy overlays. The 8, V ,a mdea
responses for both §, and A7 step inputs were compaved as
were the @, o ,4 and » responses for both §, and J,. step
inputs. These procedures were accomplished prior to the
evaluation of each configuration. ‘
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b.  After item 2a was verified, TIFS model-following responses
to pilot control inputs were similarly compared.

c. Continuous monitoring of the mode following was pe:formed
by Test Engineer udo. 1 during the evaluation flying.

3.3 DATA ACQUISITION EQUIPMENT

The TIFS airplane is equipped with che following data acquisition
equipment:

1. Four-channel Brush strip chart recorder.
2.  Sixty-channel Ampex digital magnetic tape recorder.

3. Two Norelco cassette tape voice recorders.

The stgip chart recorder, which incorporates the ability to select
10 different combinations of 4 output channels, was used continuously in flight
to monitor model-following system performance. The digital magnetic tape re-
corder was used to acquire specific documentation records of responses to
classic inputs and records of aircraft response and control activity on the
ILS approaches flown during the evaluation for more detailed analysis after
the flight. Typical time histories are presented in Appendix IIT of this
volume. Specific data recorded on the magnetic tape rvecorder are listed in
Appendix I orf Volume II.

One voice recorder was used exclusively to receord the comments of
the evaluation pilot while the other was aveilable when required to record
pertinent TIFS crew imtercommunications pertaining to madal ~-following system
and goueral airplane opcra»xon.
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" SECTION IV

DISCUSSION OF RESULTS OF THE IN-FLIGHT INVESTIGATION

4.1 PILOT RATINGS AND PILOT COMMENTS

Table V presents a summary of the pilot ratings for the various con-
figurations evaluated in this research program. Included in the table is a
general description of the configuration in terms of Cm, » backsidedness,
and (Cmg+ Cmy). The time to double amplitude (7, ) computed from the
unstable aperiodic root of the linearized longitudinal characteristic equation
is also presented. Repeat evaluations appear in brackets. Turbulence effect
rating is presented with the pilot rating. For those configurations where the
pilot gave two distinct ratings for both the approach task and the flare and
touchdown task of the mission, these ratings have been separated by a semi-
colon. B R T e

The full evaluation pilot comments are presented in Section VI of
Volume II of this report. A summary of these comments, describing the prima- .
ry piloting difficulties, are presented by configuration number in Section 4.5.

The following general observations can be made based upon the pilot
comments and ratings obtained in this program for the statically unstable con-
figurations. A typical time history of control activity in the approach task
is presented in Appendix III of this volume.

(1) Tight attitude control was required to fly the mission for all
configurations. Specifically in flare and touchdown, pilots tended to use
large pumping motions of the elevater., In addition, pilot commentary indicates
that pitch rate cues were used to provide the lead required to control attitude
and flight path.

(2) The nose down pitching moment associated with ground effect
coupled with the sluggishness of the airplane response to elevator inputs sig-
nificantly affected pilot opinion of the configurations. For most of the con-
figurations evaluated, the pilot rating reflects control difficulties in the
flare and touchdown task. This observation was emphasized vhen the evaluation

“pilot ‘separated the approach rating from the flare and touchdown rating.

(3) 9n several approaches, the degrading influence of ground effec.
could be reduced by ducking under the normal glide slope and then flying a
shallower flight path angle prior to touchdown. Insufficient data are avail-
able to determine the effect of this technique on pilot opinion of the ac-
ceptability of a configuration for the landing mission.

(4) As the level of instability was increased, pilot rating degraded

-and the effect of turbulence on pilot workload and task performance became

more significant.
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(5) For the backside configurations evaluated, airspeed control was
a demanding piloting control task. When configurations were placed in the
bucket of the power required curve by reducing the induced drag, pilot comments
indicate a decrease in pilot workload associsted with airspeed control on the
approach. Pilot ratings, however, do not indicate a significant improvement
in overall acceptability of the configuration for the mission.

{6) For the configurations with nonlinear pitching moment effects,
-the characteristic pitch-up tendency and increased instability associated with
low airspeed/high angles of attack were considered objectionable. Attention
to airspeed control was 1ncreased to avoid this objectionable behavior of the
au-plane.

(7) For those configurations with increased pitch damping (7; held
constant), the pilot conments indicate that the associated delay in the appear-
ance of the instability in attitude response was considered "insidious."

(8) The presence of a possible "learning curve'' phenomenon appears
evident by the general improvement in pilot rating and performance during the
progress o. the experiment. Each pilot exhibited some of this characteristic
but Pilots B and D showed the greatest effects (see Figure 12). In general,
until the pilots learned to control the airplane in ground effect, the pilot
rating primsrily reflected the extreme uifficulties in attempting to land the
airplane, rather than the influence of +he variations in aerodynamic deriv-
atives.

4.2 TOUCHDOWN PERFORMANCE DATA

Touchdown performance data obtained from the flight records ars pre-
- .sented in detail by configuration, evaluation pilot and evaluation task in
Volume II, Section VIII. Four of the parametevrs: vate of sink, touchdown
distance, pitch attitude and touchdown airspeed, are presented as histograms
on Figures 13 and 14. Figure 13 shows the varxahxlxty in the parameters for
each of the twenty configurations tested, whereas the information on Figure
14 shows the range in touchdown performance for each of the four pilots.

in general, there appears to be no sxngle significant touchdown pa-

rameter which could be ugsd as a cervelator with the pilot ratings. S8ink rvate

was definitely not a go~i indicator because for Configurations 5, 12, 16 and

19 (T3 = 2 seconds), vhe touchdown sink vate rarely cxceeded 5 feet per se-

cond, The only possible trvend evident fram vhe data was that when T2 was de-

creased te 2 seconds, the touchdown diseanne was longor (Vv » 4000 feet) and

tho pitch attitude at couchdown was higher (@ > 13 degrees). Also, at times,’

the touchdown airspeed was exgeedingly low (Vv < 135 knots). For these con- _

Eiguraticns. the pilot tended to permit degradation in all other paramsters ‘ 4
_to achieve a veasonably low sink rate at touchdown., Since a rather limited : '
data sampie was obtained in this program, no attempt has been made to Herforn

a statxstxual analysis of touchdown performance.

31




NON3WONIHJ ..JAHND DNINAVI 1., IT8ISSOd 40 IdWYX3 - gL aanbig

H34auLT TVIIO0TONOUHHD

L 9 g v £ 2 L
— ] : T m ﬂ p T ? I
i Atatias SEEEEi St S SRR SRR A A S A S g
: P ; | ONiLwH 103443 | p i
: : : m i UIBNNN LHOIH | ~  3INIINSHAL ! » 33 o
$ommnmeees yriemeee- - SRRREEEE $oonees B N RS S R SRR LR LRy -
: : : : . : : : . : : : ms
: : : yIAWNN . / : : : : o3
N . M . o
.. : ! NOILVHNSIINGD Hej(esl 0 © " . : " S5
e P s =8
: m w S S m : : o8
: 15 : : - il S : 3 ; >
Q NIHH_ (y8L) O ' Q“.A...PTUMN..W:MH ...... m.,...”»'..mw....-.."z L a. et o wn .
s < : g : ™~ : y 29
: : : vi] (881) O : r S~ : : =

Eeona B o\ L oy m Loy e "= , 2 *
’ H ' ‘ H ' . e "-...”«'. - I S M b
Boeennand foenes fmmmenn) N s (NI T = i 6
: : m m m : m m A N | 1
: : : : : : : : 0] 22 Q@ s ,
: : : : : : : H : : NG N | ‘ : _ ;
Boeacaoees oneeeees froceee SRR At e froemeees eoe - NA I R R £ "
: . : S Zujtesn) 9 ¢ : [g] tos1) @ : : TR |
: O aioud |77 P : P |
V 89104 |- ooeeoees Fooemeees FARRREEERE feoemeeoee fooeonees Fennen s A
! {sanod3sos =% : P 621 2 N _

S . o T e o A




CONFIG- {NUMBER

' 100 - ' T | -~ - Tuamo OF RUNS
- - I
80 - S - B - |
‘ |
60 b L 5 5 (
rﬁ ]
~ ) IS 10 |
40 F - L - i |
|
20 p o L—-‘ B 1‘
r I
0 A t 4 7 y o | r] _ _J J
{
_eor - r - {
§ 6ot i " 1
e q ﬂ i
W 40 | | - - - T 28 \
& , |
S ot : 1 1 i F :
7} A [ | '
w . .
% >0 L Hgl lﬂ '} i —-l - | i “
(44 . : ) )
[ 4
3 anr . _ _
8 80
G 60 - - -
5
o
x 0F - - -
: — LU
0 l L Ll bl i m }
30[' B [ [ —
L =3 23 a
40 ) ke ’ - L - 48 - .
20k L | L -
. | | K
0 ' Aoed Ldd Lo ; A bt N ’ .

02468112 1 0123485 7 9Ni315 125 W 165 W

RATE OF SINK TOUGHDOWNM DISTANCE PITCH ANGLE 'TOUCHDOWN SPEED _ - '
(FT/SEC) (TNOUSS\NDS OF FEET) - (DEG) (KNOTS) :

Figu:e 13 TOUCHDOWN PARAMETERS ACHIEVED BY ALL PILOTS
FOR ALL CONFIGURATIONS

33




CONFIG- /NUMBER

1007 - - - URATION/OF RUNS
8o | - - -
60 p = 3 - =1 ¥ =
40- o A o 5/5
ZOL- " o L 5
o 'l F— A l ] A e )
80" r - -
~ 60F - - -
g | 18
. - 6
— & 40. - - A. 3 | .
2 : )
§ 20#- . o . o o
m 0 I —I 1 ] —1 1 Lol
N~ I
a2
S or : : .
o«
-
. Q
< 8 6 r 3 b 3 -
(18
A 240" - ! e - 7"4
5 T ~ 1 |
5 o
i | I
Qg - -
i
>4 : oead
w 0 : A . A
.‘-§ 80" 3 F‘ -
) wn 3 3 N
7]
40 a . 3 ’ 3 - o o m
ZQ; - 3 e ) - Y :
d 1 r’l B j I N P

0.2 4 6 1212 1 0t 2235 7 grrzis M3 WS 168 ‘!1\5
RAYE OF SINK - FOUCHDOWN DISTANCE MYCH ANGLE  TOUCHDOWN SPEED

{FVISEC) {THOUSANDS OF FEET) . (DEGY - iKﬁGTSl
Figue 13 (cont)  TOUCHDOWN PARAMETERS ACHIEVED BY AL PILOTS
\ ~ FOR ALL CONFIGURATIONS
N




CONFI

| | . G- [NUMBER
r ’ T : r URATION/ OF RUNS

80 1
- |
.m- L " - ]
n f | -
40 ¥ - 9 o 9[‘3 1
' 20 k- ) - o o ‘
A (
‘ 0"""‘1 H ) | | L 3 1 L |
K A !
N 80 T r r 1
@ * g
-8 gﬁor’ - — 2 i i
& } 1
¥ a0t - . : 10/9 )
. & |
€ Q.
S wt ~] L -l~ -
N [+ 4
& e
)
u p - po pe
0
] 9 r——
' & s} - - -
> .
Q
o éAw* 1 X - "9
a P '
é‘ 29,_‘{ i . L ! - '—]
0_; V l ol A l 3 P YN 1
'.-' . 30?‘ — ‘ - i -
&p . ) > r“ Tk Fﬂ ) . .
20[- - N . : . s . s I ) ) . ) - o
N ) [ 1 U TN TEN N T PYNIE Y S S S 1 Y N I I W S 5 I N - S
v B 24682 Y 23 a5 7T QM3ls 125 45 165 18R ~

N RATE QFSINK  VOUCHOOWN DISTANCE PIFCH ANGLE  VOUCHDOWN SPEED
= (FPSECH - (TWOUSANDS OF TEETI - (OEG) (KNOTS) :
IS Figuie 13 icont) TOUCHDOWN PARAMETERS ACHIEVED BY ALL PILOTS -
. FOR ALL CONFIGURATIONS =




FREQUENCY OF OCCURRENCES (PERCENTAGE)

- - CONFIG- [NUMBER
100 . N N T URATION GF RUNS

8ot ) I ] : ) P T r ]

60 | i b o - r +

wh!| |- - -1 o . | 13/6
20l ~ X o __‘ L

0 ._1 _a Y Y 3 - ) - 3 Y I 3 B l -’I 1 N —|
80 - - " - -

60} R

B B T e A

aot L . i = 1417
20t | ‘ ‘ . t -

0 L—] L i i s
80 ) - - -

sof - : - -

ofF - ot ! 15/9
ko he HIL |

0 j - 5 l—_] . i
100 T Cor B -

80 b . oL i

60 | ot - | -

w0} ' . I 16/4
0f s - -

| U S S | L__&. L ¢ ]

0 ,
0246810121 012346 7 91113.5 126 145 165 185

RATE OF SINK TOUCHDOWN DISTANCE PITCH ANGLE  TOUCHDOWN SPEED
(FT/SEC) {THOUSANDS OF FEET) (DEG) {KNOTS)

Figure 13 (cont.) TOUCHDOWN PARAMETERS ACHIEVED BY ALL PiLOTS
FOR ALL CONFIGURATIONS

36




80 . : i} : _ CONFIG-F/NUMB.ER

URATION OF RUNS
60 o pe 7 o —_1 '_1
40 r 3 - - 3 1277
20F :_ ) o _] he 1—1
j P | ’_' I i
0 ) .
80 =l - - P
['—" i =
60 " B B R
g 18/4
< 40} - - -
e ,
[+ |
V3]
&.‘ el J
17} o 'y § W H ]
Wl
3] -
5 .
« 1001 M [ ) ] [
3 X !
o 80 o b
Q
S 60} - - - _
>
@ ) '1 )
g 4w X ! . 19/2
2 . .
8 .
 0¢ o 3 b
[
0 PV S SN W W | FU W |
80 } s A - ML
- ' - §
L s L 20/6
3 b r‘.‘
e oo Loodomnd l A A l : . ! TS S Y

02488%12 101223465 7 9111355 1% 145 166 185
RATE OF SINK TOUCHDOWN DISTANCE PITCH ANGLE ~ TOUCHDOWN SPEED

{FT/SEC) (THOUSANDS OF FEET) (OEG) - {KNOTS)
Flgme 13 {cont.) . TOUCHDOWN PARAMETERS ACHIEVED BY ALL PILOTS
FOR ALL CONFIGURATIONS N

37




80 - . - - PILOT /NUMBER
, OF RUNS
6o | ‘ - - -t
w0 k 1 1 i A/51
20 F L s l—— L \ 3
0 1 ] -—HJ . [—-4 -
80 . . - .
g of - , - -
< .
2 40 } L - - B/40
(A0 ~
Q -
& 20 ‘ . s X l-—
- 7 o
g 0 I 4 —L—x ) i . —l - |
& .
g N
8 80r - r r ™
g -
v 60 3 o3 - b
()
> 40 ' ,
9 - S - S €15
5
g 2 - i .
&
. - 0 r—l ] - IS 1
80 r - ~ -
60 |- . s ~
40 b o o 0167 -
20 :_[ L R
%0245 81002 A 012345 7011316 126 145 166 T
RATE OF SINK  TOUCHDOWN DISTANCE PITCH ANGLE  YOUCHDOWN SPEED
. \FYISEC) ~ {THOUSANDS OF FEET) (CEG) "~ (KNOYS) :
Figure 14 TOUCHDOWN PARAMETERS ACHIEVED BY INDIVIDUAL WLOTS
" FOR ALL CONFIGURMIONS

38




4.3 EXAMINATION OF PILOT RATING DATA

4,3.1 Pilot Rating Data as a Function of Short Term Equivalent
Pitch Attitude Time Constant

In Appendix II of this report, it was shown that for the statically
unstable airplane configurations evaluated, the short term pitch attitude re-
sponse could be characterized by a first order time constant. Examination of
pilot comments indicates that the pitch attitude control problems were related
to the sluggishness of the pitch response to elevator. The factors which de-
termine the initial "sluggishness' of attitude response are pitch control sen-
sitivity, -elevator control gearing, and the short term attitude characteristic
of the airplane. For the statically unstable coafigurations evaluated in this
program, only the short term attitude characteristics were varied. As used
in this discussion, the short term attitude characteristic response in pitch
attitude is described by the equivalent short term attitude time constant,
(f/7;e for stable short term attitude response and Tz, for unstable short
term attitude response). Table VI summarizes the pilot ratings obtained in
the in-flight investigation as a function of the measured equivalent short
term pitch attitude time constant. '

Figures 15 through 17 present pilot rating data for the primary eval-
uation pilots (A, B, and D) as a function of the short term attitude response
time constant. Examination of these figures indicates that a trend with the
level of stability of the short term attitude response is apparent for Pilots
A and D. This trend is not readily apparent from the ratings of Pilot B.

There can be several factors that could influence this trend. Previously, the
influence of "learning curve' phenomenon was aiscussed in Section 4.1. Another
possible significant factor is the influence of the atmospheric environment
(e.g., tuibulence). The influence of these factors on pilot rating is examined
in the next section. '

4.3.2 Influence of Turbulence on Pilot-Ratings

As described in Section TII of this volume, the evaluation task in-
cluded examination of the airplane in turbulence. In an attempt to enable
each evaluation of a configuration to be performed at a prescribed level of
turbulence intensity, a special electronic circuit combining "canncd" turbu-
lence and measured turbulence was used and is described in Velume II,
Section IV. The actual turbulence environment (measured plus 'canned') for
each evaluation was examined at the completion of the ia-flight program and
is tabulated in Section IX, Volume II. The actual data indicates & large
variability in the turbulence intensity for the same configuration avaluated
on different flights by the various pilots. Gust rms values were calculated
from the time histovies of the recorded turbulence envivonment for each of
the approaches. performed during the evaluation of a given configuration
(Volume II). 'The maximum value of the total velocity gust ™ms (Vg aeex )
for the different spproaches was considered to be a reasonable index of the
" actua) turbulence environment on a particular evaluation. Figure 18 presencs
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TABLE VI

PILOT RATING AS A FUNCTION OF SHORT TERM
EQUIVALENT PITCH ATTITUDE TIME CONSTANT

» f { . .
Configuration| T¢, -7?2;‘ A Pllog Rt C D
2 278 4D 7;10(5;8)| - 6-7
: 3 167 6-7D 6 9;10F 5;6D
4 0 5C 5;7D - 7-8E
5 385 10E - 10;10F 7D(10F)
6 111 5C(4.5C) 5;10(6E) | 6;8D 8C(6D)
7 .061 | 6E 7;8C 6D 9F (7D)
8 0 5A 78D - 5C
9 164 | 6.5D 6 - 7(5.5C)
10 .167 5D 5;9C - 7D
11 0 5D(6B) - - 6D
: 12 . 385 10F 6-7;10D - -
* 14 .400 4c - - 6D
N 15 .068 6B - 5C ~7.5D
' 16 .385 10E - - 10F
17 .455 - 5;8C - 6D
b 18 0 6D 7;10 - -
19 .500 - - - 10F

NOTE:

!.g N ~ attitude response to elevator (Appendix II)

The equivalent pitch time constant was measured from
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the pilot ratings and the turbulence effect rating for each configuration as
a function of the “vy ,4y . For each configuration a trend line indicating
turbulence influence on pilot rating is presented. The trend effect with tur-
bulence was weighted by the influence of the "learning curve" (e.g., added
emphasis in the determination of the trend lines was placed on repeat eval-
uations). From these trend lines a compensated pilot rating was determined
for all configurations at two values of 9Vg,.q, . A value selected to indi-
cate moderate turbulence was 3.0 feet per second, while a light level of tur-
bulence is represented by VgM”y = 1.5 feet per second. In general these
values tend to agree with the pilot commentary on the level of turbulence.
Figures 19 and 20 present the compensated pilot rating obtained from these
trend lines as a function of the airplane parameters. varled in this program
for the statically unstable configurations.

4,3.3 Examination of the Effects of the Stability Derivative Variations
on the Compensated Pilot Ratings

This section will describe the trends in pilot rating as a function
of the specific stability derivatives varied in this program based on the data
presented in Figures 19 and 20. The specific items presented are as follows:
(1) the influence of Cs, on pilot rating, (2) the influence of back-
sidedness (reduction of Cp, ) on pilot rating, (Z) the influence of pitch
damping ( Cwmg + Gmw ) on pilot rating, (4) influence of nonlinear Cu,,
effects on p1lot rating. : o

(1) Pilot rating appears to! relatively insensitive to variations
in C,y, until the short term attitude response becomes unstable. As Cs, is
made more unstable from the value which yields 4/7}9 = 0, the pilot rating
significantly degrades for the moderate level of turbulence. For relatively
light turbulence a higher value of instability could be obtained before the
pilot rating indicates a significant degradation.

(2) In general, pilot rating improved siightly when the configuration
was placed in the bucket of the power-required curve at the approach velocity.
This tendency is more apparent for the moderate level of turbulence than for
the light turbulence level.

(3) When pitch damping was increased, at constant values of the time
to double amplitude determined from the unstable aperiodic root of the longitu-
dinal characteristic equation, a tendency for pilot rating to degrade is noted.
However, if C,,, were not varied with (Cm, + (’m. } to maintain a constant
time to double amplitude of the unstable roo % then"an 1mprovement in pilot
rating is indicated since the time to double ampl;tude in this situation would
be increased.

(4) For the values of nonlinearity in the pitching moment as a func-
tion of angle of attack investigated in this program, there appears to be no
influence on pilot rating, although the nonlinearity may require some ad-
ditional pilot compensatlon to prevent the approach velocity from getting too
slow,
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4.4 PILOT RATING CORRELATION WITH THE TIME TO DOUBLE AMPLITUDE
DETERMINED FROM THE LONGITUDINAL UNSTABLE CHARACTERISTIC ROOT LOCATION

In the previous paragraphs of this section the influence of the param-
eters varied in this program on pilot rating was analyzed in terms of a mea~
sure of the slugy.shness of the pitch attitude response. Reference 13 reports
the results »f experiments investigating the influence of time to double amp-
litude on pilot acceptability of minimum longitudinal stability for the lanuing
approach task. The time to double amplitude used in Reference 13 was deter-
mined from the location of the unstable aperiodic root of the linearized three-
degree-of-freedom longitudinal c¢haracteristic equation. This reference recom-
mends a criterion of ;ix seconds time to double amplitude (7. 3}. This recom-
mendation was based upon a safety margin with respect to the data presented
in Reference 13. The data presented is a summation of pilot ratings in terms
of a mean pilot rating obtained from varicus experiments on fixed-basz sim-
ulators, moving-base simulaters and variable stability aircraft, Although the
author of Reference 13 p-esents the pilot rating data as obtaired from the
Cooper Scale; examination of Reference 14 indicates the pilot rating data is
actually based on the intevim Cooper-Harper rating scale. The numerical p’lot
ratings of the interir Cooper-Harper scale are identical to the pilot rating
scale used in this iu-fiight investigation. Table VII presents the compensated
pilot ratings obtained in this investigation as a function of time to double
amplitude based on the lir-arized characteristic squation and measurement of
the angle-of-attack time hi<:zory to an elevator step.

Figures 21 und 22 wxesent the results of the experiment conducted on
the TIFS airplane for mini ‘ongitudinal stability in terms of the time.to
double amplitude characte: by the unstable aperiodic root determined from
a linearization of the con..gu._ .tions evaluated. The linearized transfer
functions for the 20 configurations evaluated are presented in Appendix I.

The time to double amplitude is presented in Table V of this section, On
Figures 21 and 22, the compensated pilot ratings for the various parameters
~varied in the experiment are presented. The effects of thesa parameters have
been discussed in Section 4.3.3. In addition, a curve representing the mean
pilot rating as a function of 7p is illustrated. Figure 23 presents a come
parisen of the resuits of this investigation into minimum lemgitudinal stability
for a large delva-wing transport with the results presented in Refevence 13,
From this comparizon a similar tvend in pilot vating is illustrated as a3
function of time to dJouble amplitude. The data of hoth programs indicate a
tack of sensitivity of pilot rating with time to double amplitude when 75 is
greater than 6 seconds. The data obtained in this program shows a grasesy
- osensitivity of pilot rating with T3 below 6 sccends, howevey, for “Vguuy =
1.5 second, excellent correlstion is obtiined between the vesuits of the twe
programs for the values of T of primary interest, The minimum scceptable bown-
- dary (Cooper-Hakper pilot vating = 6.5) occurs at Ty = 2.5 seconds for both tha
data of Reference 13 and the light turbulence data of this investigation. This
figure alse illustyates that the minimux acceptable boundary (Ceeper-tlarper -
. pilot vating = 6.5) cccuvs at a value of T = &.25 secends for the waderale tur-
bulence intensity data obtained in this tesearch program. ‘
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TABLE VII

COMPENSATED. PILOT RATING VS. TIME TO DOUBLE AMPLITUDE

Configuration]Linearized | Measured from | Measured from | Compensated Pilot
~ - | character- | nose-up nose-down | Rating

istic root | elevator - elevator : -

location input input 0 =30|6=1.5

i/ﬁ“sec-l ‘7/7‘3‘,‘,"'53(:"1 l/Tzu ~ sec"1 ft/sec ft/sec

2 017 .139 .000 6 4.5
3 ,123 .161 .100 6 5
4 T .240 .242 .200 6.5 5

5 ~.500 .500 .500 10 7.5
6 123 . 250 .000 6 6
7 .240 323 119 7 6

8 123 .323 .000 6 5.5

9 .240 .370 .000 6.5 | 6.5

1 . .103 .141 .080 6 5.0

11 .217 .217 175 6 6.0

12 475 476 476 8.5 6.5
14 .122 .170 .110 5 5
15 240 .238 .210 7.5 6
16 .502 .500 .500 10 10

17 122 .208 .060 6.5 6.5
18 .240 .294 .140 . 7 7
19 502 555 .420 10 10

*

Configurations 8 and 9 time histories of angle cf attack to
elevator input indicate a significant stabilizing trend with
time for a nose-down command.
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- 4.4.1 Pilot Rating Correlation with the Time to Double Amplitude

Measured from Angle of Attack Time History to Elevator Input

Table VII includes the time to double amplitude measured from angle
of attack response to elevator input (72, ). As previously presented in
Section II of this volume, the measured value of 724 1s dependent upon the
direction of control input. The trend in compensated pilot rating with 7,
measured from control inputs inp either direction is similar to the trend ob-
tained from correlation with 7, . However for minimum acceptable value of
time to double that might be used for a criterion can vary significantly. For
example, examination of the data in Table V (%vg,,,., = 3.0 ft/sec) indicates
that for Configurations 2, 3, 4 and 5, the minimum acceptable boundary (Cooper-
Harper pilot rating - 6.5) occurs at a value of 7z = 4.13 seconds for a nose-
up elevator input, and a value of 7z, = 5.0 seconas for a nose-down elevator
input. The error in the values of 7, becomes larger when pitching moment
nonlinearities with angle of attack are present (e.g., Configuration 9). Thus,
although the time to double amplitude measured from angle ofattack response to
elevator could be used as a criterion for minimum acceptable longitudinal sta-
bility, a flight compliance test should consider the direction of control input.

4.5 SUMMARY OF PILOT COMMENTS

Configuration 1 © Pilot B ' Flight 182-2
Pilot Rating/Turbulence Effect Rating 2C

The airplane was a very simple one because it was statically stable
but it wasn't obvious whether the airplane was in the bucket of the power-
required curve. The airplane felt a little too sprlngy. More pitch rate
damping would have been deoirable.

Configuration 1 Pilot c : Flight 199-2

Pilot Rating/Turbulence Effect Rating | 28

The airplane appeared stable and was relatively easy to trim. The
induced drag was quite appavent. The uirplane appeared to lose airspeed quite
rapidly with small increases of angle of attack or ioad factor. Adjustments
were made to the glide slope with throttle, and airspeed was maintained with
pitch attitude, The sink rate prioxr to touchdown scemed to break itself with
very little flare. The required input was an .ncrease in stick force to aain-

‘tain the attitude,

Configuration 1 ‘ : Pilot D Flight 185-1
Pilot Rating/Turbulence Effect Rating . 5D

Difficult to control flight path without excessive airspeed excur-
sions, Short period vesponse predictable and fairly good, control of pitch
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attitude pretty good. Throttle used in conjunction with pitch angle to control
altitude and rate of descent. Considerable pilot compensation reguired to con-
trol flight path in the IFR approach. Turbulence induced flight path errors.
that were difficult to correct.

Configuration 2 Pilot A ' Flight 167-2
Pilot Rating/Turbulence Effect Rating 4D

The pitch had a slow and light instability. The increased workload
wasn't very much because the divergernice was relatively slow, Airspeed was
more of a problem than the pitch control. The turbulence was causing as much
or more of a problem than the divergence. The backside of the power curve was
causing the problem more than the pitch.

Configuration 2 Pilot B Flight 181-1 (184-3)
Pilot Rating/Turbulence Effect Rating 7:10 (5;8)

The alrplane wasn't really trimmable and it had no divergence. Maneu-
vering was reasonably precise. Airspeed caused the greatest problem on the
glide slope. ‘The flare and touchdown was bad because of the ground effect, the
turbulence, and the downwind landing conditions. Also, the elevator control
power was too little in the flare. ‘ '
Configuration 2 Pilot D Flight 168-2
Pilot Rating/Turbulence Effect Rating 6-7

Pitch response sluggish, had to fly tight on pitch attitude. Airspeed

control adequate, requires a lot of thyottle to keep on axrspeed in turns..
Airplane a "handful" to control in turbulence.

Configuration 3 ' Pilot A Flight 166-1

- Pilot Rating/Turbulence Effect Rating 6-7D

The rate of divergence was low to moderate. A normal input was used

- ta start the nose pitching and then a reversal to stop it. The high induced
drag was evident because of the fairly high decay of airspeed when maneuvering.
Airspeed control was a prablem during some of the approaches. The performance
"workload in the flare and touchdown was too h:;h because of the phugoid.
Configuragion 3 - Pilot B Flight 1841

Pilot Rating/Tuxbulence Effect Rating o 6

The aiyplane was fairly divergent and wanted to pitch'up a little
wore at higher angles of attack than at the trim speed of 160 knots. The
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divergence could really be felt when maneuvering., The siuggishness could be
compensated for by putting large inputs in and taking them out again. This
pumping effect helped the performance in the flare and touchdown.

Configuration 3 Pilot C Flight 201-2
Pilot Rating/Turbulence Effect Rating 9;10F

The airplane diverged very easily and quickly, Attitude control be-
~came quite difficult because of the moderate turbulence., Airspeed control was
quite difficult because of the high induced drag. Control technique and work-
load in the flare was very difficult. The primary reason for the rating was
because the airplane diverged very rapidly and required continuous and very
rapid pulses to hold the attitude. The workload had almost reached the peint
of complete saturation.

Configuration 3 - Pilot D Flight 203-2
Pilot Rating/Turbulence Effect Rating , 5;6D

Sluggish pitch response, particularly objectionable during flare and
touchdown. Configuration is a little unstable in pitch and appears to be

bottom side except at low speeds. Airspeed control requires some attention
but does not seem to depart, reduces pilot workload.

Configuration 4 | Pilot A ’ Flight 198-1
Pilot Rating/Turbulence Effect Rating 5C

The divergence was light to moderate. Off-trim airspeed, the rever-
sal of the stick force was an objecticnable behavior. Airspeed control re-
quired a fair amount of attention. The instability caused o minor incresse
in workload. A doublet was used to control the pitch instability.

Configuration 4 ’ Pilot B ~ Flight 179-3
Pilot Rating/Turbulence Effect Rating © 5;7

| The airplane has a divergence but it didn't seem to be too rapid since .
pitch attitude was reasonably managed. The pitch angulaxy acceleration was
too smali to £fly a very tight loop. There was an unstable drag speed relation-
ship. The landxngs were reasonable since there was- some control through the
approaches. -and 1and1nss. ‘
Configuration 4 Pilot D | Flight 186-1
Pilot Ratxng}Turbulence Effect Rating - | 8E

Controllability in flare requives a lot of lead to control flight

path. Airplane pitch imstability is noticeable, however, good performance is
achicvable IFR if tight on attitude indicator. Nust control airspeed errors
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promptly. Tradeoff control of touchdown point for control of sink rate at
touchdown. Turbuience definitely degrades configuration.

Configuration § Pilot A Flight 192-1
Pilot Rating/Turbulence Effect Rating 10E

The airplane was constantly attempting to get away in pitch. There
was a fairly high stick force gradient in the unstatle side but it made trim-
ming easier than some of the other configurations, The airspeed decayed very
fast in a turn because the induced drag was quite high. Pitch control was
primary in this configuration.

Configuration 5 Pilot C : Flight 201-3
Pilot Rating/Turbulence Effect Rating 10;10F%

Maneuvering about level flight required very rapid and very large
pulses to maintain any satisfactory degree of attitude control. The drag in-
crease with the g's was very large. Airspeed control was a little difficult
partly because of the intense concentration required for attitude control.
Flare and touchdown was literally an impossible task 99% of the time.

Configuration 5 Pilot D Flight 187-1 {203-3)
Pilot Rating/Turbulence Effact Rating 7D (10F)

The following comments. apply t- a flight with good visibility and very
little turbulence. Workload high. Requires tight attitude loop IFR and a lot
of elevator lead to control pitch attitude at touchdown. Poor control of touch-
down point. Aircraft appears to be bottom of the bucket, control of airspeed
is adequate but demanding. : :

For an approach in incressed turbulence, the following comments apply..
Airplane very demanding in terms of workload. Requires a lot of manipulation
of elevator to keep attitude bounded and a lot of throttle manipulation to
bound airspeed, Required grossly abnormal elevater for flare and touchdown
control.’ - ' ’ : ~

Configuration 6 Pilot A | - Flight 165-1 (170-3)
Pilot Rating/Turbulence Effect Rating 5C

The airplane was unstable in a different way because it hesitated
before "creeping” on-off and it was insidious. Turbulence was causing as much
a problem ss the instability. Keeping the airspeed low was troublesome. The
elevator had to be worked up and down like a bilge pump. The worklead in the
pitch task was increased but not much. In the flare there was a lag in the
effectiveness of the elevator.
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Configuration 6 Pilot B -Flight 178-1 (182-1)
Pilot Rating/Turbulence Effect Rating 5;10

The airplane seemed to have a mild divergence. The approach requived
considerable attention but the amount wasn't too much greater than a normal
approach in a more conventional airplane in rough air. The back side of the
power was quite evident. Airspeed and attitude management were constantly
distracting me. The major problem was in the flare and touchdown. The ap-
proaches were reasonable but the flare and touchdowns were not and would have
resulted in crashes.

The divergence was very small but the most objectionable feature was
speed power management which was unstable. There wasn't any trouble with the
ground effect moment and there was a good feeling for the flare and touchdown.

Configuration 6 Pilot C Flight 201-1
Pilnt Rating/Turbulence Effect Rating 6;8D

The airplane appeared quite unstable and once a pitch rate developed,
‘it diverged fairly rapidly. Considerable attentiun was required for pitch
control, Airspeed control was a little bit difficult in that, if the nose
was lowered slightly, the alrspeed built up an extra 10 knots in a very short
period of time, The workload in the flare was quite high. The only satis-
factory way to land the airplane was to lock in the attitude and change nothing
during the last 100 feet.

Configuration 6 Pilet D - Flight 171-1 (202-1)
Pilot Rating/Turbuisnce Erffect Rating 8C

Difficult to control pitch attitude in flare and touchdown. Pitch up
tendency when slow, requires attention to control airspeed. Airplane appears
in bucket for small speed changes. Required tight loop on climb rate in tumns;
attitude control is not enough. Requires tight pitch contrel on glide slope,
which interferes with control of heading, etc. 8luggish pitch response espe-
cially in flare and tov~hdown is objectionable,

Configuration 7 Pilot A - Flight 167-1
Pilot Rating/Turbulence Effect Rating o 6k

The divergance was moderately fast. Maneuvering about level flight
required & moderate amount of increased workload due to the pitch instability,
The airplang had a fairly high induced drag. Airspeed was a problem and it
would got off more on the low side than the high. However, on the glide path,
the problem was keeping the aiwvspecd from increasing. On this flight, the
tochnique of jusy breakxng the sink and lenting the azrplane fly iatc the
ground was used for the first time. .
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Configuration 7 Pilot B Flight 184-2
Pilot Rating/Turbulence Effect Rating 7;8C

The airplane had very little divergence about the trim airspesd but
it tended tu diverge more at the higher angles of attack. Maneuvering sta-
bility was negative, Workload in the flare was a problem. Adequate elevator
power to produce a flare and overcome the ground effect was not available.
Speed stability was bad and speed management on the backside was a problem.

Configuration 7 Pilot C . Flight 200-1
Pilot Rating/Turbulence Effect Rating 6D

The airplane appeared to be mildly divergent. Workload became no-
ticeably heavy because of the increased scan rate required to prevent the
attitude divergence. Airspeed control was moderately difficult. On the slow
side the airspeed tended to bleed off fairly rapidly because of the increased
induced drag. The control technique for power management was holding attitude
to maintain airspeed.

Configuration 7 - ' Pilot D Flight 168-1 (203-1)
Pilot Rating/Turbulence Effect Rating ~ 9F (7D) '

High workload configuration IFR requires constant cross check on air-
speed and pitch attitude, particularly to stay on glide slope. Must anticipate
glide slope interception., Substantial manipulation of elevator required to
control pitch attitude in flare, with frequent throttle corrections for con-
trol of speed. Pitch has tendency to diverge, difficult to trim. Pitch con-
trol is poor due to sluggish response, some concern about controllability in
flare and touchdown,

Configuration 8 - .~ Pilot A - - Flight 191-1
Pilot Rating/Turbulence Effect Rating - ' . SA

The airplane was a little bit unstable. A little more workload was
required because of the low divergence rate. A little airspeed was lost when
turning but allspeed was no big problem. Pitch control was probably wmost de-
graded because of the tendency to wander in pztch.

_Confzguratxon 8 - Pilot B . Flight 180-1
Rxlot Rating/Turbulence Effect Rating o . 7:8D

Too much attention was rcquzreu in-both pitch sttitude and spced
management; primarily speed and power managoment were difficult because of
the backside kind of operation. The airplane didn't respend quickly enough
but if the control power were highoy it mxght have been easier to manage. The
basic pztch response was poor and was the o»erria‘ng consideration, partic-
ularly in the flare.’ : A
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Configuration & Pilot D Flight 186-2
Pilot Rating/Turbulence Effect Rating 5C

Airplane is sluggish in pitch, appears to be in the bucket for small
speed changes. Some pitch instability but not significant. Maneuvering forces
very light. Strong nose-down tendency in ground effect, which is difficult to
control. Control of airspeed requires attention but is not a high warkload
item. : .

Configuration ¢ "Pilot A Flight 199-1
Pilot Rating/Turbulence Effect Rating 6.5D

The airplane had kind of a moderate instability., Airspeed control
was a fair amount of trouble because of the induced drag. More emphasis was
placed on_che attitude indicator because of the pitch divergence.

Conf3 guration 9 Pilot B  Flight 183-2
Pilot Rating/Turbulence Effect Rating 6

The airplane had a slight divergence that appeared to be a little
worse at higher angles of attack., At lower speeds, the divergence was a little
more dangerous. The maneuvering stability seemed to be negative. Speed man-
agement was fairly simple. The instability at the higher angle of gttack
helped to fly the airplane through the ground effect on touchdown.

Configuration 9 Pilot D o Flight 176-1 (188-1)
Pilot Rating/Turbulence Effect Reting ) 7 (5.5C)

Airplane is sluggish in pitch, and airspeed is slippery causing dif-
ficulties in airspeed control during IFR flight. Pitch control in flare and
touchdown- to coatrol sink rate, etc. requires strong attention. Tendency to
PIO during flare and touchdown. ‘ , ‘

Configuration 10 Pilot A  Flight 170-2
. Pilot Rati..g/Turbulence Effect Rating I

The airplane had a very slow divergence, Airspeed wasn't too big of
'@ problem, Pitch control caused o 1ittle mare work. The pitch instability
caused moye attention to be paid to the attitude indicator. . :




Configuration 10 Pilot B ‘ Flight 179-2
Pilot Rating/Turbulence Effect Rating 5;9C '

The airplane was slightly divergent at a fairly slow rate and didn't
seem to have any nonlinearities in the pitching moment curve. The speed di-
vergence seemed to be negligible and so it was in the bucket. Maneuvering
stability was neutral to unstable. The ground effect causcd the greatest dif-
ficulty and the airplane wasn't under control below 50 feet above the ground,

Configuration 10 Pilot D Flight 172-2
Pilot Rating/Turbulence Effect Rating m

Difficult to correct flight path errors close to ground due to slug-
gish pitch response and PIO tendency. Airspeed control is good. Divergence
in altitude open loop, but in maneuvers it appears as just a sluggish response.
Contrel in flare requires tight control of pitch attitude, need to detect
incipient pitch rates, and make immediate corrections to keep error small.
-Large corrections tend to cause trouble. '

Configuration 11 Pilot A Flight 166-2 (191-2)
Pilot Rating/Turbulence Effect Rating | 5D (6B) '

The airspeed wasn't too much of a problem on the approaches. The air-
plane has a very slow divergence in pitch. Pitch attitude had to be watched
a little more than normally. Holding a constant attitude in ground effect was
difficult because the pitching moment at the last caused the nose to start
down. The turbulence excited the instability and caused all kinds of problens.

Configuration 11 Pilot D . Flight 187-2
Pilot Rating/Turbulence LEffect Rating . 6D

Airplane has a yelatively slow divergence raze in pitch, and foels
sluggish in response to corrective pitch inputs. Hard to control pitch atti-
tude in flave and touchdown. Sluggish pitch vesponse requires pilot to over-
drive using fairly large control inputs. Airspesd control is much less a
-factor in pilot workload; however, contyol of airspeed is demanding in tums
and when making altitude changes. : '

Cenfiguration 12 Pitot A Flight 165-2
Pilot Rating/Tusbulence Gffect Rating CwE

The airplane «as pretty unstable and nosedown was wotse than noseup.
Attitude control was the primary concorm. The airspecd contyol wasa't a prob-
lem. Turbulence excited the instability and the doublet tochnique was used to
stop the pitching motion. The waneuvering forces were hawd to ces.  The stops
weve hit on the elevator in ground effect. : ' :
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Configuration 12 Pilot B ' Flight 179-1
Pilot Rating/Turbulence Effect Rating 6-7;10D

The sirplane was extremely sluggish :wd divergent. Maneuvering sta-
bility was effectively negative. Speed management was probably th~ best thing
about the whole configuration., The biggest problem was encountered in ground
effect controlling pitch attitude rates in the flare. Touchdown management
was iatolerable and each landing would have resulted in a crash.

Configuration 13  Pilut A Flight 198-2
Pilot Ratiag/Turtulence Effect Rating 3C

Attitude control was relativeiy easy. The stick forces in a turn
were fairly substantial, The aixrspeed control was no proeblem. The trim change
~ in ground offect was marked because the fbrces were so much higher then other
configurations.

Configuration 13 Pilot B Flight 178-2
Pilot Rating/Turbulence Effect Rating ‘ 1-2

: The airpla.e was stable. Meneuvering stability was reasonably high;
. in fact, it was quite high., The airplane had positive longitudinal stgbility
and no P10 in the flare due te ground effect. Power management was simple.

* Configucation 14 Pilot A Flight 169-1
Pilot Rating/Turbulence Effect Hating ; 4C

‘The airplane appeared to be just a little bit unstable. artitude cop-
" trol was a minoy problem but airspeed was a fair problem. A lot of thyottle
was requived to recover the aivrspeed so it looked like high indusad drag. The
- pitch task had minimal effect. The biy workioad pxobles was power -.ontrol for
. “x I‘Speﬂu . 4 :

Configuration 14 : ~ Pilon D - Flight 188-2
- Pilot Rating/Tusbulence Effect Rating &0

Alvrplane appesrs to be hottom-side s:cept at low speeds. Pitch ye-
sponse is sluggish to contvol input, and appears to be slightly unstable at
high speed and noticeably unstable at low s;;eeds. Has a definite pitch-up
tendancy at low speeds. Tendency to get high and fast, correcting glide slope
exrora, Must generate lead ane overdrive clevatox to <ontrol flight path during
 flave and touchdown. Tendency to land long (£float) in order to achieve a rea-

senable sink rate. ' : S ‘



Configuration 15 Pilot A Flight 197-1
Pilot Rating/Turbulence Effect Rating 68

The airplane had a moderate instability but it didn't diverge reai
fast. It scomed to be well damped. The ncse didn't take off immediately but
it built up to a fairly moderate pitch rate.  Although the airspeed control
was relatively easy, there was a lot of induced drag. A combination of visual
and instruments for the flare and landing was used to keep the pitch attitude
around 109,

Configuration 15 Pilot C Flight 200-2
Pilot Rating/Turbulence Eff:ct Rating 5C

The airplane tended to diverge fairly rapidly but was easier to con-
trol. Pitching rate was easier to stop when a divergence occurred. When -the
nose was pushed over to get on the glide slope, the airspeed increased very
rapidly. The pitch divergence was much more graduai initially for the first
degree or so and so it was easier to control. Control travels for minor pitch
corrections were a little more than desirable for a transport aircraft.

Configuration 15 Pilot D _ - Flight 202-2
Pilot Rating/Turbulence Effect Rating 7.5D

Airplane is objectionable, has a pitch instability, and appears to be
on backside of power curve. Rather difficult to achieve trim. Pitch response
is sluggish. Must monitor attitude and descent rate very closely to stay on
glide slope. Considerable power management required to contro} airspeed. Slug-
gish pitch response in flare and touchdown particularly is most objectionable.

Configuration 16 Pilot A - ' . Flight 169-2
Pilot Rating/Turbulence Effect Rating _ - 10E

The airplane has o styang instahiliey and it was on the backside.
Anything that was done even in level flight requxred a lot of attantion o the
attitude indicator. The pitch attitude required most of the increased work-
load but the aivepeed was also causing prablewms. The technique of dropping
below the glide slcpe so as not to get into & PIO in ground effect was used.
Bverything was degraded because most of the time was spent maintaining an
attitude and tryans to keep the dirspeed under con:rel.

Coufiguration 16 . Pilot D 3 Flight 171-2
Pilot Rating/Turbulence Effect Rating MOF
Airplane it very unstable, Very difficelt to achieve trim. Tendercy
to MO in attitude; airspeed and sltitude control is very difficult. Requires

continuous closed loop control in pitch. Worklioad very, very high. Airplane
characteristics degrade all tasks associated with the mission.
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Configuration 17 Pilot B Flight 183-1
Pilot Rating/Turbulence Effect Rating 5;8C '

The airplane was on the backside of the drag curve. Speed control was
-difficu’t and required extensive throttle manipulation and management. There
was some divergeace nose up but there didn't appear to be any nose down. The
approach wasn't a great problem but the flare and touchdown was because of the
* inability to contro) descent rate in the llare.

Configuration 17 Pilot D Flight 176-2
Pilot Rating/Turbulence Effect Rating - 6D

Airplane appears to be nonlinear. Tuin is relatively easy to achieve
except that it does require tight attitude stabilization.. Response is sluggish
in pitch and airspeed control is difficult. Difficult to control attitude and
glide path in flare unless glide slope error is small. High workload to con-
~trol airplane in flare. Control of pitch attitude is easier than airspeed
. during approach. Diffic::lt to detect ground effect until after attitude has

started to change. ‘ : ‘

Configuration 18 . Pilot A - Flight 192-2
Pilet Rating/Turbulence Effect Rating 6D

The airplane was unstable statically and aperiodic in the motion.
T»  weuvering forces were very light and the configuration tended to pitch

) 1 an attempt was made tc get a given g. Maintaining g in a turn was
difficult,

Configuraticn 18 Pilot B Flight 181-2

Pilot Rating/Turbulence Effect Rating ‘ 7;10

The airplane had a nonlinear pitching moment with the pitch up ten-
dency beccming greater as the airspeed got slower. The unstable pitching mo-
ment as the speed went below trim was the most cbjectionable feature. Speed/
power management was too wild. The speed contrcl problem was very dangerous
on the approach, '

Configuration 19 Pilot D  Flight 176-3
Pilot Rating/Turbuience Effect Rating 10F

_ Airplane is quite un.table in pitch and airspeed. Very difficult to
trim, almost impossible. Attitude and airspeed con.rol is just as difficult
IFR as it is visual. Task performance is very, very poor and workload very,
very high, Pitch attitude contrcl requires as tight elevator contcrol as pos-
sible with as much lead as pilot can generate. Contrel of attitude in flare
requires stop-to-stop column travel.
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Configuration 20 Pilot A Flight 170-1
Pilot Rat*ng/Turbulence Effect Rating 3C

airplane was pretty easy to fly. Airspeed control wasn't any
problem and the workioad was minimal. The configuration was good enough that
the only problem was the laterel-directional. There was a little bit of

trouble in the flare due to overcontrolling and porpoising at the end of the
flare. T

Configuration 20 Pilot D Flight 172-1
Pilot Rating/Turbulence Effect Rating 4C

Pitch response relatively prompt and predictable. Fairly easy to
trim. Flare and touchdown required large control forces and altitude response
is somewhat sluggish. Airspeed control requires some attention but it not a
significant problem. Rudder coordination in turns becomes objectionable due
to large rudder breakout force.
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SECTION V

SUMMARY AND CONCLUSIONS

An in-flight simulation and cvaluation of minimum longitudinal sta-
bility for large delta-wing transports in the landing approach flight phase
was conducted using the USAF Total In-Flight Simulator (TIFS). The capability
of the TIFS airplane to simulate large delta-wing jet transports in landing
approach conditions, including ground effect and touchdown, was clearly demon-
strated. The mechanization of this simulation required the use of techniques
to compensate for the pitch attitude difference between the TIFS airplane and
the configurations investigated during the approach task. The technique al-
lowed the motiun at the evaluation pilot station to be faithfully simulated.
Techniques were also developed to simulate representative evaluation tasks
including crosswind, lateral offset and glide slope errors, The pilot eval-
uation was based upon performing the entire landing approach mission, in-
cluding localizer interception, glide slope tracking on instruments to visual
breakout at 300 feet and flight under visual conditions to a simulated touch-

“down. A summary of the results and conclusions obtained from this research
program is presented as follows:

(1) In general, the most critical task appeared to be longitudinal
control in flare and touchdown. The major difficulties were related to the
sluggish pitch attitude recponse and the high elevator activity ("pumping")
required to control flight path in ground effect. The specific nature of the
ground effect that was simulated introduced a stromg pitch down motion which
appeared to have a significant effect on the pilots' control difficulties in
flare and touchdown. The ground ef.ect used in this simulation was based upon
data supplied by the FAA for a large delta-wing transport aircraft. The pilot
ratings obtained in this program may be strongly influenced by the simulated
ground effect,

(2) Tight attitude control was required to fly the mission for all
statically unstable configurations. In flare and touchdown the pilot control
technique required large pumping motions of the elevator to control attitude,
On several approaches, the degrading influence of ground effect appeared to be
reduced by ducking under the norma! glide slope and flying a shallower flight
path angle prior to touchdown.

(3) The general improvement in pilot rating and performance for
similar configurations during the progress of the experiment indicates the
possibility of a "learning curve' phenomenon. Thus the level of pilot training
in controlling unaugmented large delta-wing transports in ground effect may
have a significant effr t on the ability to achieve acceptable touchdown per-
formance.

(4) The experiment was conducted during day time, VFR conditions,
with IFR conditions simulated. For those flights when visibility was re-
stvicted after breakout, pilot perception of attitude cues was diminished and
resulted in an increase in pilot workload and a degradation in touchdown per-
formance, Thus landing unaugmented large delta-wing transports under decreased
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visibility and night time conditions could adversely affect pilot workload and
control in the flare and touchdown.

(5) As the level of longitudinal instability was increased, turbulence
effects became more significant on pilot workload, pilot performance and the
acceptability of a configuration for the task. Specifically, the minimum ac-
ceptable boundary (Pilot Rating of 6.5 on the Cooper-Harper scale) determined
- in this investigation occurs at a Tz = 2.5 seconds in light turbulence

(Ovguax = 1.5 ft/sec) and at 2 7, = 4.25 seconds for moderate turbulence
56‘\/5 wax 30 ft/sec).

(6) For the statically unstable configurations evaluated there appears
to be no significant improvement in pilot rating as 7, 1is increased above 6
seconds for both light and moderate turbulence. There appears to be a signi-
ficant degradation in pilot rating as Ty is decreased below 6 seconds. In
general, these trends are consistent with the data described in Reference 2.

(7) For those configurations evaluated with a reduction in induced
drag (airplane placed in the bucket of the power-required curve at the approach
airspeed), a slight improvement in pilot rating was noted. This effect was
more significant in moderate turbulence than in light turbulence and is re-
lated :» a reduction in pilot workload to control airspeed on the approach.

(8) For the '"backsided'" configurations evaluated with nonlinear
pitching moment effects, the pitch up tendency and increased longitudinal
inscability below trim speed was considered objectionable. Pilot attention
to airspeed control was increased to avoid this objectiosnable behavior, how-
ever, no significant influence was noted on pilot rating.

(9) When ( Cuy+ Cwmy ) was increased with 7, held constant, a slight
degradation in pifot rating wds noted, However, the data obtained indicates
that an improvement in pilot rating would result from an increase in (Comy +

GM@) at constant angle-of-attack stiffness ( 0,%5), ie., 7, increased.

(10) An analysis of pitch attitude response to elevator commands in-
dicated that the short term nature of pitch attitude can be examined by a con-
stant speed short period approximation. For values of static instability above
the value which yields a neutrally stable short term attitude response, the
pilot rating degrades for moderate turbulence. For relatively light turbulence,
a higher value of instability of the short term attitude response is achievable
before pilot rating significantly degrades.

(11) There does not appear to be a direct correlation between pilot
rating ¢ individual touchdown performance parameters such as sink rate,
touchdow>- ~ :ance, pitch attitude at touchdown and airspeed at touchdown.
However, the data does indicate that as longitudinal control became more dif-
ficult in the flare and touchdown task, the pilot would permit degradation in
all other touchdown parameters (e.g., increase in touchdown distance) in at-
tempting to achieve a reasonable sink rate at touchdown,
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(12) The time to double amplitude measured from angle of attack re-
sponse (T2, ) to an elevator input appears to be quite sensitive to the di-
rection of control input especially for configurations with nonlinear aero-
dynamic derivatives,

(13) The results of this investigation are believed to be significantly
influenced by the characteristics of the simulated ground effect, sluggishness
of pitch response to elevator commands, pilot training and reduced visibility
in the flare and touchdown.
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APPENDIX I ]
CONFIGURATIONS

AERODYNAMICS OF THE CONFIGURATIONS

As discussed in Section II, the basic cenfiguration as vepresented
by the six equations of motion shown in Section II of Volume II, were
modified to form the 20 configurations of the experiment. A more detailed

description. of the aerodynamics is presented in Section III of Volume II.
The longitudinal equations can be written in the following generalized format:

- = 2 2
Cy = Cpo * Kp CL”’}GE - [CD“‘;: ¥ C‘DJ; + de..e 6’{| Se

2
+F(d) KDGE CLN&6€ .

, £
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v+ F(d){AC +1AC + 421 ¢ - . 00037 @
/( { ”'066 [ maoe < m“(,ounc, )]
+ ACMS 6‘3}-
e

Table I-I presents the variation of the stability derivatives for
each of the configurations evaluated. For the three stable configurations,
numbeis 1, 13 and 20, the elevator control sensitivity was increased from the
basic value of -0,00342 to -0.007 to provide the evaluation pilot with
sufficient longitudinal control in ground effect. Also, the Cm, derivative
was set to zero for all the con .gurations. All the other changes were made
for one or more of the following reasons:
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1. To vary the time to double amplitude

2. To modify the linearity of the Cm versus & curve
around the trim point,

3. To change from the backside to the bottom of the power
required curve, and

4, 'To increase the pitch damping (Qm. + C,, ) to five times
the normal damping. -

DIMENSIONAL STABILITY DERIVATIVES

Table I-II lists the longitudinal dimensional stahility derivatives
and the control derivatives out of the influence of ground effect for each
of the configurations evaluated in this research program. It should be
noted that the seven configurations characterized by the nonlinear variation
of pitching moment with angle of attack have identical dimensional stability
derivatives as the linear configurations with the same time to double
amplitude of the unstable root.

Table I-III presents the lateral-directional dimensional stability
derivatives and the control derivatives that were used for all twenty’
configurations of this experiment.

In Table I-IV are shown the variations of the longitudinal
dimensional stability derivatives due to ground effect for Configurations
3, 4 and 5. These particular configurations were selected because they
were indicative of the range in 7, of the unstable mode. The data were
computed at six different c.g. heights, namely 400, 200, 50, 25 and 16 feet.
Since the c.g. is located approximately 14.5 feet above the ground, then
the lowest height corresponds to the wheels of the main landing gear being
18 inches above the runway.

CHARACTERISTIC MODES AND TRANSFER FUNCTION NUMERATORS

Table I-V lists the characteristic modes and the eyg s atfbe
and V/8,  transfer function numerators for all the configurations of this
experiment. Because the data were obtained from the linearized dimensional
stability derivatives of Table I-II, only 13 unique variations are presented.

DIGITAL RESPONSE TO STEP ELEVATOR INPUTS

Figures I-2 through I-4 present selected groups of digital responses
to a one degree step elevator input in the nose-up direction. The parameters
shown, Aa, » A 6 » AV and An’, , were computed at the
center of gravity position of the model.
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The grouping of the time history sets was not done in a numerical
sequence by configuration number but in a special pattern. This procedure
was followed to facilitate the comparison, as much as possible, between the
set of responses of a configuration that was different by just one variable
with sets of responses of another configuration that was to the left or
right or above or below. For example, the time history set for Configuration
4 which was a T3 of 4 seconds was located between the time history sets
for Configuration 3 with a 7, of 8 seconds and Configuration 5 with a 7
of 2 seconds. Furthermore, Configuration 4 which was on the backside of
the power required curve was situated above Configuration 11 which was
on the bottom of the power required curve and, like Configuration 4, also
had a T, of 4 seconds, '
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APPENDIX II
REVIEW OF CLASSICAL STABIJITY CONCEPTS

The purpose of this section is to review some basic concepts.of
stability and control and to apply these concepts to the airplane configura- -
tions evaluated in this research program. The following paragraphs will
review such concepts, for example, as static stability, maneuver margin,
dynamic stability, time to double amplitude, and flight path stability.

LINEARIZED EQUATIONS OF MOTION

Prior to a discussion of the various stability concepts, it is of
value to establish a definition of the terms to be reviewed, and the defin-
itions of the various stability and control derivatives that will be used.
In order to accomplish this, it is first necessary to cast the equations of
motion into a form that illustrates the definitions of the stability and
control derivatives. This is accomplished by a linearization (first order
perturbation analysis) of the equations of motion. Since the subject of
interest is longitudinal stability, only the linearized form of the longi-
tudinal equations will be presented. ' :

DRAG EQUATION

AV, De AQ + DVAV* D“ AQ ‘-‘= ‘-Dd“g Asz - Dde Aé'e (II I)

where .
Dy = 3 cos %

LoV S cn o T cosfear+iyly
m % T 3V ™

0" .L[ ﬁoVos CDBZ o+ 7, \st‘»(x‘,+tlr_)o-k/cos 9‘0] ‘

- / r e . )
DJX- “‘;"‘ ""5\;"‘ uo.)‘az'-*l.-’- o
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2
V., $
= Lole 2
DJ& . 2m coge

Wheré CD = -W sin aﬂo "‘To cas (QI + t'r)
‘ Po S

and C 0 1 Cp e vepresent these derivatives linearized about the

de particular trim condition (d,Ia R Jey

o

LIFT EQUATION

(1-24 )as - (7 *z:?} 46-2500-2,AV-2, Au

(11.2)

]

’ - 2 "
Zq - —— s¥ ¢
* [ °T oy Tt

2y =", [Po'% SCe * Sy 5‘"(“:“7‘);:]
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where c o Weos Yo = To Sin (& téy),
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PITCHING MOMENT EQUATION
48 - e A6 -M AV- My Ak~ Mg Ao = Ms, A6, » Mg DBy (11.3)
where -
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Fr  To

Com, = -~ 249

t £
where

GENERALIZED CRITERION FOR STATIC LONGITUDINAL STABI' ™™y

As dig~izsed in Reference 1, the most generai criterien for static

~ longitudinal stability is not pitch stiffness, but the constant term in the
longitudinal characteristic equation. The vanishing of this term yields a
neutrally stable airplane, and when the constant term is negative a divergence
occurs and the airplane will be statically unstable. It can be shown, based
on the equations just presented that the constant term of the longitudinal
characteristic equation is:

Fo
mt \ TiLp

E= -C c + C + C ) assuming C =L -
La Ty , D/ 7 = . o

(11.4)

An aperiodic divergence can occur even for tiue aircraft with positive pitch
stiffness (Cm, < ) when the thrust offset produces a destabilized effect
(Camp.<0) . Thus the rate of divergence of this aperiodic mode cf rosponse
(time to double amplitude) is a general measure of the static longitudinal
stability. From the linearized equations of motion, solution of the charac-
teristic equation will yield the root locations (poles) which will charactevize
the subsequent motion of the airplane The presence of a ruot in the right-
half part of the 's'-plane is associated with the negative value of the
: uonstant term of the churarteristic equation, and the time to double amplitude
T, ) can be defined as T, £, where A is the magnitude of the
unatublo root. While th1s concept is relatively ecasy, the difficulty occurs
in attempting to measure this guantity when the motion of the airplane is
torced by a speciflc control input. From the traansfer functizn information
prosented in. Appendix I, a reasenahle candidate to determine the time to
double amplituae of the unstable mode would be the angle of attack response
to an elevatoyr command. Hince the oscillatery poles ana seros .in the tvanster
of o/, are in close proximity (see Table I-V) then on approximation to the
transter function can be uwritten as:

do\ \5 L -R

e 1 L T :

48 7o *ﬁ,l‘k-i”i.g/ ] -
s

and the time hiswories te an impulsc and a step command can be expressed as:

impulse:
""'gf'

. At ’ T
Awp ()= Ae T e B0 Ao
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~A,t B A,
step: A - ! L. - 2
step: At (t} —A-;' (’ € * A [ I-e ]
: (1i.7)
If .1, is con51dered to be the unstable mode and A, the stable mode,
then as ¢ « oo
N")/tv
Aa’;f, (t) —» Ac (II.S)
AL Al B At
Ad-s\‘(‘) b 2, [l e ! ]+ Az = Le A+D
(11.9)

Since in general it is not possible in practical flight testing to wait
for long periods of time to measure the unstable mode, a comparison was
made using a linearized three-degree-of-freedom digital program tc compare
the value of 7, as determined from the characteristic root location and
the angle of attack time h*story to a step elevator commaad. Based on the

form of the approximate time history of Aa (¢)

for a step, the following

terms were used in the computation of T,

Ad(ty +1)- A (ty) , 30d 4G (),

The restriction placed on the computmtlon was that k°¢,,~g|s 6%, and

"B\JHmaz |« 1V, ‘Table II-1 presents the results obtained from this
analysis for T2 The measured values wers obtained from semi-log plots
of the data. ' : |

.

; - For the longer time to doulle amplitude configurations, sufficient ,
time history of vespomse to determine T2 is not available within the limita-~
tions imposed above. This difficulty could be removed by selecting a time
history of control input which only excites the unstable mode, or by

measuring the time to double amplitwle of the response as the airplane

drifts off the trim point. The results of the computation of T from
allowing the configurations to drift off the trim point, using turbulence

as on excivation, are presented in Table II-11. The drift results were
obtained from ground hlmulatlon studies on the TIFS airplane.

In order to evaluate these measures for a move realistic‘situatinn.
a similar study was conducted using a six-degree-ot-freedon nonlinear digital
program, since all of the configurations evaluated have a nonlinear drar polar,
and several have a nonlinear Cu,  cur¢e. The results of this study ave
shown in Table 11-%@, for a ngpative elevator surtaue step usxng the previously
cited restrigtions on the Jdata analyzed.

tor the uonf&gurationa with nonlinear Cowr, , the difficuities
with the measure of T,  are dcpcndcnt upon the direction of the dyife. If
“the airplane drifts nose up for these configirations, the measured T, will

be realistic; however, if the contfiguration drifts nose down, then the measured
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3

Time to Double Amplitude (T,) Seconds
from Linearized Equations of Motion

Table I1I-1

T2 based on
Con{. Unstabie root *oz(t,,“)-oc(t,,) o (tn?)
locaticn ’
2 59.6 9.0 0.0
3 8.12 6.5 6.8
4 4,17 4.3 4,2
5 2,00 2.0 2,0
10 9.73 7.5 7.5
11 4,61 4.2 4,0
12 2.10 2.1 2.1
14 8.21 6.9 7.2
15 4,17 4.1 4,2
16 1.99 2.0 2,0

Table II-II

“where x(ty,)-%(p)indicates the difference between the angle of attack response
at time t,,,, seconds from that at time t, seconds.

T,~3Seconds (Non-Linear Equations of Motion)

Note * Nege-up drift
Py N n-li 24 . 2 - 2
on-linear &,  configus ation

85

’I‘2 based on
Conf, | a(ty,,)- a(ty) & (ty,) | Drift computat.ion Urf::.ltr;i?::git
2 1.2 6.7 21.5 59, 6
3 6.2 6.0 - 8.0 8.12
4 4l 4.2 %4, 0 4.17
5 2.0 2.0 ¥2, 1 2.0
6+ 4,0 3.6 8.8 g8.12
T+ 3.1 3.8 4,5 4.7
B+ 3.1 2.8 12. 95 8.12
9+ 2.7 2.4 v3.0 4,17
1 7.1 6.6 #8. 6 9.73
1} 4.6 ¢.3 1.8 4,61
12 2.1 2.0 22 0 2,10
14 5.9 5.7 9.0 .21~
13 +4.2 4.0 . 4.2 4,17
i6 2.0 - 2.4 2.4 }.992
17 8 4.4 3.5 8.21
54 - 3¢ 2.9 5. % 4. 17
19+ 1.8 1.8 21,95 i.09




T, will be longer than the value determined from other measurement techniquss.
Thus if time to double amplitude of the aperiodic mode of response is to be

used as a criterion for minimum longitudinal stability, then care must be
exercisel in prescribing the measurement technique and the input (or disturbance)
to be used.

EXAMINATION OF ATTITUDE RESPONSE AND THE UTILIZATION OF A SHORT TERM
APPROXIMATION TO THE ATTITUDE RESPONSE :

It has been postulated in several studies that a fundamental inner
loop closure performed by the pilot in the landing approach task is on pitch -
attitude (References 15, 16 , 17 ). Recently, Referen~e 18 developed
a performance criterion for attitude tracking applied to the landing approach
task, Closed loop analysis of attitude is examined in Section VIII of
Volume II. This section will examine open-locy pitch attitude response
for the confignrations evaluated in ~his program, and will show that a short

‘time approximation can indeed be used to represent the initial attitude

response to an elevator command for the configurations investigated. Figures
1I-1, 1I-2, and II-3 represent the effects of changes in the parameters
investigated on the time history of pitch rate to a negative unit elevator
surface steT command obtained from a six-degree-of-freedom nonlinear digital
prograr.. Examination of these figures yields the following information.
First, in order to command pitch attitude it is necessary for the pilst to

use a sequence of commands. In uvrder to command an attitude charge, the

pilot must pulse the elevator to initiate a pitch rate and as the attitude
approaches the desired value, he must then pulse the control in the oppesite
direction to stop at the d951red attitude. - Tight attitude contrul would then
result inessentially a quick sequence of pulse-in, pulse-out commands, in
other words, the pilot would have to "pump" the elevator control when attempting
to tightly contrcl airplane attitude as vequired in the landing approach task,
In general, the responses illustraved on these fijures also indicate that

o attitude yesponse te an elovator pulse appears to he a first order response of

the form 4 ¢/ eX®) | Figure tI.1 indicates that at least for the few
scconds tglluwlng the contyel input, theve appears te he no sigaificant
difference in the vesponses of Configurations 2, 3, and 4, while the response

cof Lonfi;uratxun 5 shows a strong divergence, Vigure !3-3 illustrates the

effects of reducing induced drag and increasing C oo Cng on the pitch
rate response 0 an elevator step command for configurations that would have
an & socond and 4 socond time to double amplitude divergent mode of vesponse
based on characteristic root location. The reduction of induced drag used
in this investigation does not have any significant effect on the short tem
attitude response, while increasing “pitch"™ damping ©v ¢-*“€rvr al constant
T, tends to increase the “eguivalent” first-order time vonstant of the short
tevm attitude response. While there is an incyease in the pitch-up tendency

. of the axrplane with nonlinecar C:q@ . tiis o Tect does not tend to manifost

itself in the attitude response wuntil several seconds after the control input,

-t A b R st i
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As previously stated, the time histories of pitch rate response to

. a negative elevator surface step appear to be of the form 4 (7-€74%)for
the first several seconds following the control input. In order to determine
an “'equivalent" first-order time constant the time history of ¢ (¢».1)~-4(2,)
was plotted on semi-log paper. Examples of these plots are shown on Figures
II-4 and II-5, The “equivalent" first-order time constant is defined by the
best linear approximation to the slope measured on the attitude semi-log plots
for < 5 seconds. Table [I-I1II documents the results for the statically
unstable airplane configurations that were investigated in this program.

Table II-III also presents values obtained from two different but
related cpproximations. These approximations will be discussed in the
following paragraphs. The linearized three-degree-of-freedom loigitudinal
equations of motion were presented at the beginning of this appenaix. The
transfer function of attitude to an elevator input baswu on these wcquations
can be written as follows (assuming 2, «</, Z?«I):

6 (S*Dv)[(Mae 125, M3)s + (25, My Ms,2,))
0 (o Ns, : - My (O, 5+ B2y, 05, Z,) = 2, (Ds, My5+ Ds, My~ Mg, By )
e Dge s(sdwl‘ PLS {M’q\\z‘zf-Mé)silmﬂg-M&va(s Dg+ Dy~ Dy, )
. *2, (5% 5 [DgMy - B M)+ 0 M,)] (11.10)

if the lower order terms (s’,s?) are nev-'scted in the characteristic
equation in order to determine a short term approximation, then the following
enuation results:

@ ] N : R .
(Dse)s;,c',t lerm s’[sz.r(—M%-Z‘-M& *D,)s+ (zﬁMq'%)*Dv(’Mq."zd‘.Ma)f DQZ‘J {(I1.11)

The “ciuivalent” time constants presented in Table IT-ITI for the characteristic
egration approximavion are determined from the lower froquency root of the
bracketed quadratic factor im equation II.il.

_ 1f the effects of M, and 2, ave neglected in oquation II,10 then
the tollowing equation resulis:

8 My, +Z3a i) 2 ¢ (25, “Msjz‘) '
——— (3] & 3 — Y ]
5 o s[a%e (Myedy e My )s & 2, My~ M,] (1112

“

This equalion is identical to the vesult that would he ohtained from &

vonstant speed short-period approximation.. The short-periad approximation
“eguivalent™ attitude time constant is determined from thie lower freauency

roet of the above quadratic denominstor expression., For the statically unstable
configurations examined in this experiment, the guadratic expression in the
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Table II-1II
EQUIVALENT ATTITUDE TIME CONSTANTS
Semilog nlots Characteristic Eq. Short Period
Approximation Approximation
CONF. Tl/z"esec TZ';sec T1/2~ sec T2~sec “llzzpsec TZ;Psec
2 3.60 3.57 3.65
3 6.00 5.68 6.26
4 = *® 37.31
5 2.60 2.9 2,60
6% 9.00 5.68 6.26
75 16. 4 o 109, 0 37,31
8k 0 5.68 6, 2¢
Qs _ 6.1 00 54.4 37.31
10 6. 00 4,26 6.26
1 ® 25.05 37.31
12 2.60 3,13 2.60
14 2.50 2.80 3.32
15 14, 80 - 9.45 19.94
16 2.60 3,31 f 2.76
173 2.20 2. 80 3.32
1R% o G. 45 19.94
L...i.% 2.00 3.31 2.76

W , \ ..
Indicates confignrations with nonlinear €,
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denominator represents two real poles, one of which is essentially cancelled
by the numerator zero. Thus the transfer function 1{%-—(5) essentially
‘reduces to the form -313117 and, as previously indicated, the time
response of attitude to an impulse would have the form A77-e "At), A
comparison of the numbers presented in Table II-III indicates that a short
period approximation can indeed be applied to the short term attitude response
of an elevator control input, for the statically unstable airplane config-
urations evaluated in this research program. It is interesting to note

that configurations which show a relatively small change in the time to

double amplitude measured from angle of attack data show a much more signif-
icant change in the "equivalent" time constant of the attitude response

(i.e., Configurations 4 and 5 from angle of attack data indicate a change
inT from 4.2 seconds to 2.0 seconds, however, these same configurations
show a change from essentially neutral stability to a T, of 2.6 seconds

in terms of the short term attitude response). This drastic change appears

to be reflected in pilot comments and the pilot ratings for such configurations.

ELEVATOR TO TRIM IN STEADY BANKED TURNS

The previocus paragraphs illustrated the fact that for the config-
urations evaluated in this program, the attitude response to elevator would
be reasonably approximated for the short term by a short period approximation.
The existence of a stable short period mode can be shown to be related to
the control fixed maneuver margin (Reference 19) , which is dependent on
the slope of the elevator with incremental load factor determined from steady
pull-up maneuvers or from steady banked turns. The equations of motion for
a constant altitude steady banked turn are the following (Reference 20).

Tes €~D =0
.. (I1.13)
' g Sen ph -V?L: cos b =0 (II.QM)
Tsine +L.—-m(9 cosp +VE Stnpu) =0 (11.15) |
CThus
f tan KX = R’,
(11.16)

9




and (7‘5&'776-+L)cos/u=7779 =W

(11.17)

”hus L+Tsme = To'\'sy =W . in addition it can be shown that

g = Ftan U Set and substltutwn of m= //COs/«. then 4 = "-t',g"‘ 7- '/7’) .
Since the turn is steady, the pitching moment equatmn must be solved for
? = ¢ ., Using the notation previously intreduced in the beginning of
this appendix, the longitudinal equations of motion that result from a
perturbation (icatment are as follows:

Ir

M Auv"‘M Ad *— AT = M

* e L, X | (11.18)
o 0S(eetis),

(Qrg)dot Ry 8y = ———"5 AT =0 (11.19)

__Ag'n(a(o+i;r) A7'- “(77-{_)_3-_ ~7 ?

oAt Z, A = ;
L EEET T, T myg % # (11.20)

wherse 4

If the requirement for thrust change to hold increasing steady bank turns is
ignored asong with the drag equation, then the remaining equations can be
solved for the change in elevator position with incremental g. The result is

ddg = g : —
' - *'de —zJe Mm
‘ (r:.2y)
as 7-sc0, . the above equation reduces to (29 <<1),
Jde g My "M9 Z,, _
n.1 | % Mg, = 2, Mo | o (11,22
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Thus as (A 8e / n-1)» 0, the square of the short period natural frequency
(Mg Z, - M) must vanish,

If thrust is added to maintain constant altitude and constant velocity,
then the relationship between incremental load factor and elevator required
for trim becomes more complex. This case was examined using a six-degree-of-
freedom nonlinear trim program rather than the perturbation analysis. The
full per:urbation analysis indicated relatively large changes in angle of
attack would occur which would tend to invalidate using the linearized
derivatives about the trim conditicn., Figures II-6 aud II-7 present the
results of this analysis for the statically unstable configurations evaluated
in this program. A comparison of the slopes of these curves with the
"equivalent" attitude response to elevator time constant indicates that
there exists a reasonable correlation between the two quantities. Configur-
ations 5, 12, 16 and 19, which were all rated essentially as uncontrollable
(PR ~ 10), all have a short time to double amplitude measured from angle
of attack data (T, ~ 2.0 sec), and "equivalent" first order pitch time constant
which is strongly unstable (T, ~ 2.6 sec), and for constant altitude turns
have an unstable elevator to load factor gradicnt even at relatively smell
changes in load factor. For the configurations where Cuy is not a function
of angle of attack, for the relatively small load factor required to land
an aircraft of the type investigated, Configurations 4 and 11 would appear
to have zer> ontrol-fixed maneuver margin. The configurations with nonlinear
€y relationships would appear to be at the stick-fixed maneuver point for
An = .2 g, however, this situation could be improved if the pilot increased
the approach speed.

FLIGHT PATH STABILITY, SPEED STABILITY, AND "BACKSIDEDNESS"

During the landing approach flight phase, operation on the "backside"
of the trim drag curve can result in coordination problems botween throttle
and cleovator and increased pilot workload. When the elevator control is
used to control attitude and altitude, then the airspeed response can he
characterized by a first order mode which is directly velated to the shape
of the drag polar. For thv exporimental evaluations described in tiis
report, the following equations relate flight path stability, 5poad stability,
and "backsidedness.”

Flight path stability as discussed in Reference ¢ = is described
by the stcady state relationship between flight-path angle and velocity for
an elevator input. Pased on the oguations of motion previously presented
in this discussion, the foliowing expr ession can be derived for da‘/d.V’
with constant throtz!c.

o M Beea)-0i] e faocm, (aoal] + 8, [racand

Y
av : e .
2 M *a"‘é A
? Lo s % (1123
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This expression may be rewritten as foliows:

Ay ‘D iz M, (88)- M, 04, ] [Dw Zu'ZJe(wa)_]

v +M, £ (11.24)
F v [Ms, 24~ 25, Mad] [:Mfe Z, -2, Mx]

. e << /.

If A, is neglected and it is assumed that | M, (qw-»g ) and

35e od I << |, then the previous expression becomes

M‘ezw

AV D Z (2:*3)
P L A | (11.25)

This form of the equation for flight path stability is directly
related to the speed stability first order mode. The formulation for the
speed stability mode is obtained by assuming that the pitching moment equation
can be kinematically constrained such that this equation is identically
satisfied and, in addition, &, =0 and A =0, thus Af =Aw. Using
these conditions in the remaining equations of motion yields (neglecting
controls):

Drag . .
AV+D AV + (Drg) du=0 (11.26)

Z, A4V + 2, A =0

Solving these two equations’ &imultancously yields for velocity the following
equation :

. = 128
av+ (b, - C"‘"‘"":»")" c)av.a (11,28)

“et

where the speed stabiliey voot is defined by

. ) ) / . : \ )
De, *
A speed stability wme Dy — AP« 79/ %y,

2
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which is equal and opposite to Q'-Ji%; under certain constraints, Reference .
16 also illustrates that these parameters are directly rela*ed to the siope
of the trim drag and thrust curve as a function of velocity. Thus

dr . d@/w)

?W AV - (11.29)

Table II-IV indicates the values obtained for the different measures

of "backsidedness'" for the configuration examined in this experiment at
altitude (out of ground effect) and when the center of gravity is 16 feet
above the runway. The results are presented in texms of degrees/knot comparison
with the requirements of Reference 6. The experimental design varied the "back-
sidedness' at altitude by modification of the drag polar, such that all
configurations out of ground effect essentially achieved the same trim
condition at the reference velocity of 160 knots IAS. The induced drag was
reduced for Configurations 10, 11, 12 and 20. The primary purpose was to
examine the e¢ffect of "backsidedness" on pilot opinion and workload for the
statically unstable configuratijons examined in this program. Tt should be
noted that nlacing the airplane in the ''bucket" of the power required curve
{—Kc%g(-ﬁ)- = 0 )y - veer by reducing drag (Co,) will alsy slightly reduce

the aperrodic unstable mode in the airplane linearized three-degree-of-
freedom longitudinal characteristic equation. As previously showr, the
reduction mf(Coﬁ) used in this program will have no significant effect
on the short term response of attitude to an abrupt elevator control input.
The reduction of '"backsidedness" with altitude is primarily due to the decrease
in induced drag and the increase in the 1lift slope curve as. the aircraft anters
. pround effect.,
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Table II-IV

FLIGHT PATH S ABILITY~DEGREES/KNOT -

h = 400 fest h= 16 feet
A 3 C A B C
1 . 1045 . 1292 . 1270 . 0648 1118 L1182
2 . 1043 . 1043 . 1070 . 0633 . 0774 . 077
3 . 1043 . 1024 . 0980 . 0636 . 0745 . 066
4 . 1043 . €984 . 0950 . 0641 . 0683 . 066
5 1044 . 0882 0920 || .0653 . 0540 . 052
6 ,1043 . 1238 . 092 . 0637 . 0773 . 074
7 . 1043 . 0981 . 1014 . 0648 . 0709 . 070
8 . 1033 1010 . 1014 . 05647 . 0803 . 075
9 . 1043 . 0979 . 0890 L0643 | L0737 . 076
16 -.0035 -.0033 | u.0 -.0309 | -.0282 0.0
1l -. 0034 -.0030 | 0.0 -.0306 -. 0296 0.0
12 -.003¢ | ..0022 | 0.0 .. 0300 -.0326 -.034
13 . 1045 L1292 | L1543 . 0648 .1118 .10l
14 L1042 | ,0988 . 100 . 0640 0690 | 083
15 . 1044 . 0908 . 096 . 0650 . 0575 . 056
16 1045 0768 | Lo76 0665 | .0399 | .048
17 1043 .0985 | .098 , 0642 L0746 | 072
8 | .1oad | L0905 | . 089 . 0653 . 0622 . 065
19 L1045 L0766 | L0800 L0667 L0434 - | .44
20 - 6034 | -.0085 | 0.0 l’L-.qua | -. 0194 <, 025
Reference mquiremc:its:
Level | - g:; £ 9.0s degrgmi/knot
.Lew?l 2 - -5; ‘¢ 0,45 degrees/knot
Level 3 - 5;,'; ¢ Q.24 degrees/knot

wheore: :
A refers to the paratuetsr as determinagd from _'sp?cd stability® (k. LI 28})
B refors to the parameter as determined from(«£#4V/steady state {Eq. il. 23)
C refers 1o the pavameter as determined frony the trith thrust slope {Eq. 11 29)
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~ APPENDIX III

TYPICAL MODEL-FOLLOWING IN~FLIGHT RESPONSES
AND FEEDFORWARD AND FELDBACK GAINS

The degree of longitudinal model-following to a manual elevator
doublet is shown in Figure III-1 and to an automatic cldssical throttle
step input in Figure IIT-2, The degree of la‘sral-directional model
following to a classical aileron step and rudder step can be snen on Figure
11:-3 and Figure III-4, respectively. The madel following acaieved after
a rudder doublet has been made is shown in Figure III-5. The longitudinal
aad lateral-directional model following accomplished on a tymical awproach
can be seen from a comparison of the in-flight records on Figure III-6.

 The longitudinal feedfnrward gains used in this research program
are presented in Table III-I. The longitudinal feedback gains are shown in
Table II11-1I. For the lateral-directional, the feedforward gains are
presented in Table III-III and the feedback gains in Table III-IV.
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Table II-I
I.ONGITUDINAL FEEDFORWARD GAINS

GAINS YALUE
OV 0313
(5e/4,,) B 04N
(5e/AVm,,,) 0021
(afim, ) 0.108
(% /odtyn,, ) 0.204
(Se/AnMrCG) | 28
©,/ \'/,,,mi ) 768
T T
(é,a/Au,,,m)- L a4
(Sy/asiny) w0
(sﬁ/A»,”m') 28.6
(s,/Av,,,mG) | 0318
(sylaew,,) | 0
(6’/&”"‘%@ ) --43.0
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Table III- 1T
LONGITUDINAL FEEDBACK GAINS

D

GAINS VALUE
(5e/ey) - 0875
(3/e,) 554
(5e//e,) 488
(5,./e;) 14.23
(5/e,) 250
(y/eq) 697

(5,/e;) 160
. (5?/34 ) .80
5 lfens) 8.0

il

SN,
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Table III- IIT
LATERAL-DIRECTIONAL FEEDFORWARD GAINS

GAIN VALUE
(50 /Hm) 0.0
(5, 10,) 160
Galmy ) 020 '
52/ Bmye,) 138
(3a/7m. ) | 0.784
(8/7m.) _ 0.908
(3p/Om) 022
(6p/%w) - 0143
(5p/Pm) 0848
(5p/7m) 088
(5, ,é,,,m} | BREY
 (Slmyey) 0.964
(8y/Pm) 0424 '
(8y/Ompe,) 243
(3,7, .-) 884

il




Table II- TY
LATERAL-DIRECTIONAL FEEDBACX GAINS

GAIN VALUE
(3a/ep) -352
(5,/e4) 352
(51-/e4) 20

(50/€4..,) 169
(5r//ea,e,) 22
(54/24,,,) 106
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